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1
I N T R O D U C T I O N
1.1 motivation for this thesis : why microfluidics ?
Microfluidics is related to the manipulation of fluids at the mi-
croscale by means of its precise control inside devoted micro-
sized channels in conditions that are generally well away from
the turbulent regime, no matter of the fluid’s viscosity or velocity.
Although microfluidics is almost exclusively devoted to the use
of liquids, gases have also been employed in conjunction with
different kinds of liquid substances. During the last twenty years,
microfluidics has received increasing attention due to the belief
that it will overcome some of the problems associated with many
of the fields to which it can be applied: fluid physics, chemistry,
biology, engineering and medicine [1]. As it will be shown in the
next sections, during the last decades, more and more technical
procedures have migrated towards the adaptation of microflu-
idics as the trunk system for many measurement apparatus. This
is largely due to the advantages that the physics of the microscale
can provide to existing devices when it comes to tasks such as bi-
ological and chemical analyses, molecular biology measurements
and single cell characterization to name a few. Some of the most
remarkable advantages of microfluidics are:
• Portability: The size of a conventional microfluidic chip
functional unit can cover from hundreds of microns up
to few square centimeters. Microfluidic devices in general
(specially in the research field) can be bigger than that, but
not by much. Most of the times, the bulkiness of the micro-
scope, that is normally used to acquire images of the fluidic
channel (again, normally used only in the research field),
is the more cumbersome element of the whole microflu-
idics setup. When it comes to commercial microfluidics,
microscopes, as well as cameras, power supplies, external
microfluidic pumps,... are not required because they are
normally integrated in a single apparatus whereas the mi-
1
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1.1 motivation for this thesis : why microfluidics ?
crofluidic unit either consists of a disposable microfluidic
chip that is easy to handle or a differentiated fluidic cell as
in the case of flow cytometers.
• Low costly reagent and sample consumption: Microfluidic
analysed volumes typically range from few nanoliters up to
milliliters. The fact that the sample can be mixed, directed,
multiplexed, divided,... allows for an accurate control of
the experimental conditions so that a minimum amount of
reagent or sample containing particles, cells, bacteria,... is
normally required.
• High-throughput screening: Flow velocities of the order of
1 meter/s are common in microfluidics experiments. The
additional control that microfluidics provides to position
cells, liquid droplets, particles,... combined with the fast
speeds at which the samples are moving inside microfluidic
channels, enables the screening of up to hundred’s of thou-
sands of events in a single device employing much smaller
amounts of sample volumes when compared to classical
methods [2,3]. This fact makes this discipline incredibly
appealing for scientist and professionals in general since
microfluidics itself allows a high degree of customization
so that it can easily adapt to the needs of a particular exper-
iment while typical data acquisition rates from commercial
apparatus can be matched with in-house produced devices.
• Ease to integrate optical (Optofluidics) and mechanical el-
ements (MEMS): Although the fluidic channels are dozens
of microns across, the relatively big size of the microfluidic
device itself allows that additional elements, like optical
fibers, waveguides, mirrors, gates, valves, electrodes, electri-
cal resistances,... can be incorporated so that such elements
can be used as active components to gather light, heat the
medium, sort particles,...
• Emergence of new phenomena and improvement of physi-
cal processes: Physical effects that normally are negligible
or nonexistent in the macroscopic scale, have a very direct
effect in microfluidics experiments given the small length
and time scales involved. Processes that make use of electric
2
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fields such as electrophoresis, dielectrophoresis, electroki-
netic pumping, gel electrophoresis and isoelectric focusing
take advantage of microfluidics since the small flow scales
allow very high electric field gradients. Surface tension-
driven flows, magnetic forces and acoustic streaming are
other examples of physical processes that also make use
of microfluidics particularities. Additionally, the physical
properties of the analysed sample while being contained
inside a micro-sized channel, such as its low thermal mass
and its large surface to volume ratios, improve thermal
diffusion in microfluidic channels -heat transfer, tempera-
ture changes and reagent mixing in exothermic reactions
are more controllable and reproducible in a microfluidic
channel than in their macroscopic counterparts-. This en-
ables fast temperature variations while avoiding possible
unwanted heat release that could damage the analysed
sample or even destroy the microfluidic device in some
chemical reactions.
• Compactness and integration of laboratory operations: Lab-
on-a-chip (LOC) devices will allow the integration of multi-
ple laboratory processes in a single and portable microflu-
idic unit that will be able to perform a whole experimental
procedure, from sample preparation processes down to
detection and measurement analysis [4].
1.2 scope and structure of this thesis
This thesis contains three basic parts:
The first chapters of this thesis, which are encompassed as an
introductory part, will review the field of microfluidics describing
its advantages and main field of applications. We also review the
general aspects and techniques used to fabricate our microfluidic
devices. A chapter devoted to finite element simulations is also
included to provide a glimpse of the method that we have used
in our numerical analyses.
In the second part we introduce the design and development
of a microfluidic device with cytometric capabilities. This device
3
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1.2 scope and structure of this thesis
was given the ability to detect and classify different types of
cells according to luminous signals caused by a fluorescent tag
attached to the surface of the cells. Light is injected and collected
from the interrogation zones employing optical fibers embedded
in the microfluidic chip. A custom algorithm was created to
identify and label cells according to its signal
The third part of this thesis is focused in the study and un-
derstanding of the dynamics of particles in microfluidic devices
when they are subjected to inertial effects of the flow, i.e., inertial
microfluidics. These effects, that only arise above a certain flow
rate, are particularly intense in microfluidic devices due to the
short length scales involved and the fast velocities that the fluid
inside microfluidic channels can achieve. In superposition to this
effect, we also treat how transverse flows (a kind of flow that is
rarely seen in microfluidic devices) affects the behavior of these
particles while they are under inertial focusing conditions. As
it will be shown in the next sections, the study and complete
comprehension of such effects is justified in the sense that they
both contribute to improve microfluidics capabilities in practical
applications, particularly in the field of flow cytometry, where
cell positioning is a determinant factor during the measurement
process. Experimental and numerical results obtained through
finite element simulations are simultaneously used in our dis-
cussion in trying to understand the underpinning mechanics of
these effects.
The goals covered in this thesis can be summarized as follows:
1. Design and construction of an optofluidic device able to
process an homogeneous sample containing cells. Each of
the cells need to be orderly distributed allowing its individ-
ual detection employing a fluorescent surface marker.
2. Development of an algorithm to count and tag single cell
detection events and to classify the obtained data according
to the characteristic intensity of the events.
3. Design and construction of a microfluidic device for the
passive focusing of spherical particles under the influence
of transverse flows and inertial focusing conditions.
4
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4. Implementation of a three-dimensional finite element method
simulation for the study of inertial focusing conditions in
an asymmetric serpentine.
5. Development of an algorithm to characterise the experimen-
tal inertial focusing conditions in the fabricated microfluidic
device.
1.2.1 Main challenges
During the development of the optofluidic device we encountered
a series of difficulties that needed to be addressed for the device
to function as intended. Some of these challenges are detailed in
the corresponding chapters but the main ones are briefly mention
here as well:
• Multiple cell detection: The microfluidic device used for
cytometric measurements had to be engineered so that cells
could be detected one by one and not by clumps. Besides an
optimal sample preparation, hydrodynamic focusing was
incorporated by means of a pressure controller setup with
five channels to solve this issue. The channels’ pressure
had to be carefully adjusted so that the sample flow was
confined enough so that cells, on average, passed one by
one through the interrogation region.
• Raw data analysis: Data files contained intensity versus
time measurements provided by a photomultiplier. A cus-
tom algorithm had to be developed so that intensity peaks
(corresponding to the passing of one single cell) could be
detected, counted and classified according to its wavelength
and intensity strength. In case of a cell clump detection, the
algorithm had to discard these events. The main challenge
was to discern and pair peaks (generated from the same
cell) from different channels.
In regards to the characterisation of inertial effects, the main
encountered challenges were:
• Design of the microfluidic device: Although the number
of publications in inertial microfluidics is extensive, the
5
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outcome of these experiments is always hard to predict due
to the lack of a complete theory behind inertial migration
effects. In that sense, it is not even clear that particles in
a genuine fluidic channel geometry (like in our case) will
undergo inertial migration when conventional particle sizes
are used for its characterization and regular flow rates are
applied. For that reason, different channel geometries and
particles sizes had to be tested prior to any experimental
measurement.
• Particle focusing characterisation: The characterisation of
the focusing conditions of a focused stream of particles had
to be done all across the section of a curved fluidic channel.
This approach required the development of an algorithm
devoted exclusively to capture light intensity variations
of an image (which contained fluorescence streaks of the
particles) and, more specifically, in the nearby region of the
curved focused stream of particles across perpendicular
sections.
• Simulation of as real as possible inertial migration effects:
Simulations involving inertial effects make use of full Navier-
Stokes equations which are highly non-linear and very
difficult to solve. Additionally, features such as moving
boundary conditions and coupling of governing equations
had to be taken into account when elaborating the simula-
tion model. These circumstances make simulations of these
systems scarce and practically non-existing1, even more
when curved channels are considered. This fact imposed
the necessity to create a simulation model from scratch that
could capture the real behavior of particles in such con-
ditions that could cope with memory and computational
requirements.
1 Inertial focusing effects are normally simulated in systems in which simplifica-
tions and approximations are imposed. This is based in a memory consumption
and computing effort reduction
6
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
introduction
1.3 the physics of microfluidics
The equations used to describe the motion of a fluid are the
Navier-Stokes equations, namely,
ρ
∂~v
∂t
+ ρ (~v∇)~v = −∇p + µ∇2~v
where ρ and µ are the density and viscosity of the fluid respec-
tively, ~v is the velocity field and p the pressure of the fluid.
From there, we can distinguish the inertial (or convective) term;
ρ (~v∇)~v, whose importance increases as the momentum in the
system grows; and the viscous (or diffusion) term, µ∇2~v, which
gives an estimate of how well the fluid is transferring its mo-
mentum across the system by means of friction between fluid
molecules. The ratio between the inertia and the diffusion of
momentum in a system is what is known as the Reynolds num-
ber, a non-dimensional constant that gives an estimate of the
importance, in relative terms, of inertia over viscosity in the
system,
Re = ρUH/µ
where U is the mean velocity of the fluid, H is the characteristic
length of the system (in microfluidics the width of the microflu-
idic channel is normally taken). Given that ρ and µ are generally
taken as constants, it can be seen that the value of Re can be
tuned by either modifying the typical velocities of the flow or the
characteristic length of the system.
As in many science disciplines involving fluids like aerodynam-
ics or plasma physics, Re is commonly used to characterise flow
properties in microfluidic channels. Although the fluid can move
at high velocities in microfluidic channels, Re rarely exceeds 500
under operational conditions, far from the limit Re ' 2300 above
which the fluid is no longer laminar and the steady conditions
and controllability of the fluid and particles are no longer sus-
tained. Given the small length scales involved, experiences in
microfluidics are normally associated with low Reynolds num-
bers (inertial effects of the flow can be neglected against viscous
7
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1.3 the physics of microfluidics
Figure 1.1: Typical length and volume scales in microfluidic devices
and some of its applications.
effects). This is the main reason of the interest that microfluidics
has received in many disciplines and fields of application for
which repeatable and steady conditions, far from the turbulent
regime, are preferred.
To have a more intuitive picture of the Reynolds number, it
may be useful to think to what happens to a very small fluid
element and its interaction with the surrounding fluid as Re
changes between small and big values. When Re ' 0 (inertia can
be neglected) viscosity in the surrounding fluid is enough to, for
instance, force that little fluid element to follow the curvature
of a curved pipe, or accelerate (decelerate) that same element as
it moves through a contraction channel in a time that is of the
same order of the flow rate variation; the momentum of the fluid
element in its original state can be easily modified by the force
that the surrounding medium exerts over it. Viscosity can be
understood as the observed macroscopic property whose origin
can be traced down to intermolecular interactions in the fluid. A
system with a small Re will hence be related with the ability of a
system to diffuse momentum from the fluid. A flow described
by a big Re (say, ∼ 2000), on the other hand, will be prone to the
emergence of turbulence effects due to the inertia of the system,
such as eddies and chaotic turbulent behavior, because inertia in
the fluid constituents is big enough that cross-currents through
streamlines are plausible.
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1.4 notable physical processes in microfluidics
In this section we will discuss some physical processes whose
outstanding capabilities are simultaneously exploited in different
disciplines in microfluidics-related fields.
1. Hydrodynamic flow focusing: This technique makes use
of a set of independent flows (or sheath flows) containing
a sacrificial fluid, that converge in a single region with
an additional fluid containing the sample to be analysed.
The fluidic setup that is normally used for this method
is a cross-shaped channel geometry, where sheath flows
flow through opposed channels down to the channels’ junc-
tion. The sample fluid flows through another channel and
the remaining channel is where all the flows merge and
move together (Figure 1.2). As a results of its hydrodynamic
interaction, the section of each individual flow decreases
inversely to its flow rate as they all reach the convergence
point at the channels’ junction and move in a co-flowing
continuous phase in a single fluidic channel. The channel
where the sample is flowing within is arranged so that,
after all the flows meet at the channels’ junction and are
compressed, the sample flow is focused to a narrow stream
of fluid surrounded by the sheath flows. The width of
the focused stream can be further controlled by adjust-
ing the relative flow rates in all the channels. Besides of
experiments involving the focusing of a liquid target, hy-
drodynamic focusing to focus either particles or cells is also
possible although hydrodynamic effects will only influence
the fluid phase. Conventional photolithography techniques
represent a limiting factor in the number of converging
channels that can be used for hydrodynamical focusing2.
However, some researchers have engineered microfluidic
channel arrangements, which do not require additional
specialised photolithography techniques, to extend the fo-
cusing of the sample flow in the vertical direction in what is
known as 3d focusing [5,6]. Flow cytometers employ fluidic
units comprised by a miniaturized coaxial needle aligned
2 A conventional SU8 mould can only have channels contained in a plane, i.e.,
sample flow can only be focused laterally.
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1.4 notable physical processes in microfluidics
with a sheath flow to achieve hydrodynamic flow focusing
of cells.
2. Droplet microfluidics: Droplet generation inside microflu-
idic channel has many advantages such as reduced reagent
and waste generation [7,8]. Droplets can be generated at
T-junctions [9-11], as a result of the shear forces and in-
terfacial tension at the fluid-fluid interface between the
continuous and disperse phases and in continuous-flow
emulsion-based droplet microfluidic devices, where the
droplets are created by injecting the disperse phase through
a narrow orifice or microfabricated nozzle [12,13] in a liquid
medium. These two methods, which can be encompassed in
what’s known as continuous flow droplet formation, are then
the result of an emulsion created employing two immiscible
fluids in a single phase flow. An additional method, named
electrowetting-based droplet microfluidics -also called discrete
droplet or digital droplet microfluidics (DMF)- [14-16], en-
compasses the ability to create and manipulate droplets
in a microfluidic channel using electrodes to change the
interfacial tension (wetability) at the walls of the fluidic
channels [17-20]. Droplets are then contained between liq-
uid meniscus in a two phase flow. DMF allows a precisely
controlled amount of biological sample or chemical reagent
contained within a droplet or fluid plug, to be individually
controlled and displaced along a particular path to mix
performing multiplex and parallel biochemical operations
in microreactors. Thanks to the excellent mass and heat
transfer properties of a droplet, these devices work as a
very efficient reactors and have gained increasing attention
in the scientific community as suitable candidates for LOC
applications. Droplets formed inside an immiscible carrier
employing droplet-based techniques, on the other hand, can
also be used in sorting and droplet manipulation applica-
tions. Commercial flow cytometers with sorting capabilities
employ droplet-based microfluidics to encapsulate cells
and sort them using electric fields.
3. Inertial microfluidics: Experimental evidence has demon-
strated that, when the involved fluid velocities in a given
10
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fluidic channel are high enough, some particular phenom-
ena start to emerge as a consequence of inertial effects of
the fluid (Figure 1.3). These phenomena are basically re-
lated with the way particles or cells flowing in a fluidic
channel behave when inertia of the fluid is no longer negli-
gible. Although some of these effects were first observed
in macroscopic systems [21-23], the advent of microfluidics
has boosted the development of devices that exploit the
advantages of inertial microfluidics [24-27]. This is because
fluid dynamics at the microscale enhances the required
conditions for inertial effects to emerge, i.e., the creation
of strong velocity gradients in a sheared parabolic veloc-
ity profile [28,29]. The physical processes by which cells
and particles are separated can be quantified in terms of
non-dimensional constants whose value accounts for the
regimes at which they are dynamically described in terms
of inertia, viscous stresses, diffusion,... [30-32] Among the
most important inertial microfluidics applications we can
find inertial focusing and sorting. The later will be briefly
described in the next section as part of a passive sorting
technique. Inertial effects promote the emergence of forces
that can displace a particle contained within a fluid in a
direction perpendicular to the streamwise flow. Interest-
ingly, the balance of these forces tends to cancel at localized
spots in a section of the fluidic channel. This means that,
as particles move inside the channel, they will be gradually
displaced until they eventually reach defined equilibrium
positions where inertial forces cancel each other [28,29].
This effect allows to passively focus particles and cells
without the need of any sheath flow as in conventional hy-
drodynamic focusing, nor any external optical or magnetic
mechanism.
4. Electrokinetic microfluidics: It encompasses the use of elec-
tric fields that interact with targets to manipulate and dis-
place them. The nature and physical properties of the tar-
gets of interest will determine the needed field distribution
and its type (alternating or continuous). Electrokinetic mi-
crofluidics also include electroosmotic driven flows. These
arise in solutions with mobile electric charges under the
11
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1.5 current areas in microfluidics
influence of an applied potential across a porous material,
membrane or microchannel. The movement of these free
charges can be used to drive flows becoming an alterna-
tive to pressure or displacement driven flows. Additionally,
electroosmosis can achieve spatial separation of ions of a
sample thanks to the difference in migration times as they
flow through an analyte under the influence of an electric
field.
5. Acoustic microfluidics: Sound propagation generates pres-
sure differences as sound waves travel along a medium. In
acoustophoresis, sonic actuators are operated in such a way
that acoustic standing waves (pressure waves with spatially
static nodes) are obtained in a solution [33]. In the case of
microfluidics, at least one dimension of the fluidic channel
has to coincide with the wavelength of the applied acous-
tic wave so that a standing wave can be sustained. When
particles or cells are exposed to the pressure gradients of
the stationary pressure wave, they experience radiation
forces whose direction (with respect the nodes and the
antinodes) depends on the densities and compressibilities
of the fluid and the particles. Interestingly, cell viability is
not compromised by acoustic waves [34-36]. Acoustophore-
sis is employed in particle focusing experiments and, due to
the strong dependence of radiation forces to the particle’s
volume, particle sorting with this method is also possible
[37,38]. Additionally, surface acoustic waves (SAW) are reg-
ularly used in droplet-based applications, namely, active
droplet micromixers [39-41], droplet heating [42], droplet
detection [43-45] and droplet actuation [46-49] as an al-
ternative to electrowetting-based droplet technique. SAW
have also demonstrated its ability in continuous flows as
an effective mechanism for micropump applications [50,51],
micromixing [52,53] and sorting [54,55].
1.5 current areas in microfluidics
In this section we review the state of the art in the techniques
that are usually employed in microfluidics in its task to per-
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Figure 1.2: Hydrodynamic flow focusing of cells in a T-junction. Q1
and Q2 are the flow rates for the sheath flows and Qsample
the flow rate for the sample fluid.
form a measurement or chemical or biological procedure. Such
techniques, that are mainly based and take advantage of the
unmatched capabilities that microfluidics offer to researchers,
have been developed and improved since the implementation of
microfluidics during the 80’s. Physical processes mentioned in
the previous section will have a brief mention here providing
further details.
1.5.1 Cell or particle focusing, separation and sorting
This technique comprises the action of individual or collective cell
or particle migration by means of passive or active mechanisms.
Active mechanisms include procedures by which some sort of
cell or particle modification has to be performed prior to any
measurement. The intensity and strength of the migration effect
may depend on the cells and the surrounding fluid physical
and/or chemical properties. Throughout the last years and, given
its obvious similarity with the methods used in flow cytometry,
this technique has received a lot of interest and an increasing
amount of resources from researchers. To date, this has resulted
in a considerable number of available options for cell or particle
separation and sorting:
1. Electrokinetic mechanisms: It comprises a family of meth-
ods that use electric fields to displace cells, droplets con-
taining cells or charged particles in a driving fluid [56,57]
13
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a) Electrophoresis: This is a common technique used for
the separation of charged samples under the applica-
tion of an electric field across a microchannel [58,59].
It is applied in many fields, such as biology, medi-
cal diagnosis, environmental pollution detection and
protein and DNA separation. Fluorescence-activated
cell sorting (FACS) is probably the most paradigmatic
method that takes advantage of electrophoresis in mi-
crofluidics. Prior to cell sorting, FACS makes use of
fluorescent dyes to identify labeled cells by type after
they are illuminated by a focused laser beam. The col-
lected fluorescence is analysed and the cell is sorted
according to the received signal. Some FACS techniques
require that, in order for a cell to be effectively sorted
after to its fluorescent signature identification, to be
encapsulated inside an aqueous buffer droplet that is
electrically charged (+ or -) according to its fluores-
cence signal. Conventional cytometers create a vertical
stream of aligned discrete droplets that move down-
wards. The sorter unit creates an electric field that
laterally displace the droplets displacing it from the
main droplet stream in a direction that is dependent
on its charge. Microfluidics offers means by which the
encapsulation step requirement can be removed from
the process and the sorting step can be carried out by
continuous-flow droplet microfluidics.
b) Dielectrophoresis (DEP): This method achieves cell sep-
aration without the need for the cell, or cell-containing
droplets, to possess an electric charge. It takes advan-
tage on cells’ polarizability under the application of
an alternating electric field. Dielectrophoretic forces
will displace cells to either regions of higher or lower
electric field intensities depending on the cells electric
permeability. Cells with a higher permeability than
the surrounding fluid will migrate towards regions of
higher fields, whereas cells with lower permeability
will do the opposite [34,60]. Sorting is then dependent
on the size of the cells and dielectric properties of the
cells and the fluid.
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c) Capillary electrophoresis (CE): This is a separation
technique, based on charge and size, for charged species.
The interface between an electrolyte (the buffer that
will contain the analyte) and a solid surface (the walls
of a microfluidic channel or a capillary for instance)
tends to acquire a net charge when it reaches chem-
ical equilibrium creating a layer of tightly adsorbed
charges at the liquid-solid interface, the fixed layer. An
additional contiguous layer of free moving charges
appears between the fixed layer and the inner bulk elec-
trolyte, the mobile layer. The resulting Coloumb forces
induced after the application of an electric field, which
is applied along the channel length, push the mobile
electric charges of the electrolyte accumulated along
the fluidic channel. Since Coloumb forces are acting
also over the ions located in the mobile layer, which are
very close to the walls of the capillary or the microflu-
idic channel, the resulting flow profile is a plug flow.
Instead of actuating over the cells like in the case of
electrophoresis and DEP, CE induces a displacement of
the driving fluid and, hence, a movement on the cells
contained within. The separation principle of an ana-
lyte in CE is based on the difference in electrophoretic
mobilities of the ions moving with the buffer. In some
separation modes the electrophoretic migration ve-
locity of the ions is typically much smaller than the
velocity of the bulk buffer of the electroosmotic flow.
Ions will therefore move with the buffer but the time
taken to reach the end of the fluidic channel and be
detected will be a function of the sign and magnitude
of its charge and its molecular size. Notice how the
obtention of a plug flow improves the temporal reso-
lution of the device. CE has been successfully used in
the separation of carbohydrates in human serum [61],
synthetic fluorescent dyes molecules [62], inorganic
cations [63] and analytes from urine samples [64].
2. Magnetic-activated cell sorting (MACS) is an approach which
relies in the use of magnetic particles (micron- or submicron-
sized magnetic beads) to isolate a desired group of cells
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from an heterogeneous sample. The particles are covalently
bonded to specific probes (such as antibodies) and are cou-
pled to reactive cells with antigen specificity. This method
can then be used to, for instance, selectively separate rare
cells from a whole sample [65] when an external magnetic
field is applied since the surface-bonded magnetic parti-
cles are forced to move in the direction of the magnetic
field. This method allows for an easy miniaturization and
has been used to separate unlabeled and labeled cells in
microfluidic devices with MACS capabilities [66-68].
3. Passive sorting: Here we describe some techniques by
which populations of species in an heterogeneous sam-
ple can be separated, isolated and enriched by employing
only the fluid they are contained within without the need
of any external agents or intermediate steps like surface
functionalization with fluorescent dyes or magnetic parti-
cles:
a) Inertial migration: Inertial microfluidics offers interest-
ing separation and sorting capabilities. Inertial forces
scale strongly with the particle size yielding to dif-
ferential focusing positions of particles and cells ac-
cording to their size. Microfluidic devices with sepa-
ration or sorting capabilities following this principle
have been demonstrated in curved channels for par-
ticles [30] and cells [69]. Curved channels have the
particularity that transverse flows (which emerge as
a secondary effect of the channel curvature) further
increase the separation of particles and cells according
to their size. Kinetic separation, based on differential
migration rates (again, due to cells and particles differ-
ent sizes), also achieved the separation between cells
and bacteria from diluted samples in straight channels
[70-72].
b) Pinched flow fractionation (PFF): This techniques takes
advantage of the high laminarity of flows in microflu-
idics to separate particles by size. Particles of differ-
ent sizes contained within a fluid are forced to pass
through a constriction section or pinched channel to-
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gether with a sheath flow that compresses the sample
containing particles against one of the lateral walls.
Since the flow rate in the sample is smaller than in
the sheath flow, particles entering the constricted sec-
tion will be forced to move towards one of the lateral
walls up to a distance determined by its diameter;
smaller particles will get closer to the wall and vice
versa with bigger particles. A sudden channel expan-
sion follows the constricted channel. This enhances
the spatial separation of the pathlines of the particles
enabling to sort them at different outlets [73]. Ad-
ditional enhancements such as device’s orientation
control (which enables further separation by gravity)
and adapted asymmetric outlet geometries have been
incorporated for improved delivery and flow control
for this method [74,75].
c) Deterministic lateral displacement: Microfluidic de-
vices with this feature incorporate an array of pillars
or, more generally, a set of obstacles with a studied
periodicity, in which particles (cells) of different sizes
flow through. The spacing and size of the pillar arrays
is chosen so that a slight offset between each succes-
sive row of obstacles will facilitate the emergence of
narrow fluid streams between the posts. Small par-
ticles, smaller than a critical radius (which can be
determined analytically) [76] will mainly follow said
fluid streams whereas particles, whose radius is big-
ger than the critical limit, will be forced to be laterally
displaced induced by the slight row offset in the pillar
array periodicity [77] (Figure 1.4). This technique has
been used to separate smaller cells from bigger cells
[78] and to fractionate undiluted blood samples and
to isolate cancerous cells [79,80]
d) Hydrophoretic filtration: Devices with this characteris-
tic comprise fluidic channels with a series of slanted
ridges that alter the flow field patterns in the flow
inside the channel creating a pressure gradient. By
properly adjusting the periodicity and position of the
micro-patterned ridges, a series of alternating trans-
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verse eddies can be obtained in a direction perpendic-
ular to the streamwise flow and the pressure gradient
will focus particles to one sidewall of the channel [81].
This phenomenon has also been used to sort white
blood cells (WBC) from red blood cells (RBC) according
to size and deformability in channels with slanted and
filtration obstacles [82].
e) Cross-flow filtration: With this technique a set of slits,
with a carefully chosen width to allow the pass of
smaller cells and particles, are laterally placed in a
microfluidic channel so that smaller particles are grad-
ually filtered from the main stream flow. This type of
filtration has the main advantage over dead-end filters
that it can hardly be clogged. These kind of filters have
been used to separate cells from whole blood samples
[83-85]
f) Free flow acoustophoresis (FFA): A particle under the
influence of a pressure sound wave experiences acous-
tic radiation forces that are strongly dependent on the
particle’s volume. This fact can be exploited to pas-
sively separate cells and particles according to their
size. Particles have to be initially placed in a region
where pressure variations over time are strong (the cor-
responding antinodes of an acoustic standing wave).
The bigger the particles the stronger will be the cor-
responding reaction force and, consequently, bigger
particles will reach the nodes of the acoustic standing
waves faster [86].
4. Centrifugal microfluidic platforms: This technique is em-
ployed to separate particles and cells from an heteroge-
neous sample by implementing some sort of centrifugation
procedure in a spinning device in which the sample has
been inserted. In centrifugal microfluidics the whole device
is spun with specialised motors so that particles/cells flow-
ing inside the channels experience a centrifugal force and
be displaced a distance which is a function of its size and
weight. This method enables the separation of specific types
of cells or particles according to their size by means of mem-
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Figure 1.3: Inertial forces acting on a particle in a Poiseuille flow
(parabolic shear) represented with respect to the particle’s
velocity (vparticle). The shear-induced lift (Fs), caused by the
differences in the fluid velocity at the opposing sides of
the particle, pushes the particle towards the walls. As the
particle approaches the walls, a wall-effect lift (Fw), that
pushes the particle towards the opposite direction, increases
its magnitude.
branes, filters of some sort of already established sorting
procedure incorporated to the spinning platform. Various
platform mechanisms or devices have been reported in dif-
ferent works, among them, membrane filters [87], obstacle
arrays in the microfluidic channels [88] and centrifugal de-
terministic lateral displacement (c-DLD) [89]. In addition,
immunoaffinity is also employed in centrifugal microfluidic
devices. Immunoaffinity, which is used to tag cells with
functionalized particles that adhere to specific binding tar-
gets, improves the separation and isolation of particular
populations of cells when applied in conjunction with cen-
trifugal platforms. Immunoaffinity is performed together
with density gradient mediums (DGM) [90], capture array
[91,92] and waved microchannels for inertial sorting [93]. In
another work, the use of carbon electrodes has allowed the
fabrication of an inexpensive centrifugal device capable to
make use of DEP for the filtration and trapping of cells [94].
Magnetic manipulation of cells to different destination sub-
chambers in a fork-like channel design has been reported
by researchers who made use of functionalized magnetic
beads [95-97].
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Figure 1.4: Deterministic lateral displacement of a population with two
cell sizes. The periodicity of the array is set so that particles
below a given radius threshold, Rc, will be contained at
all times within fluid streams (fluid veins contained within
streamlines of the flow). Cells with radius bigger than Rc,
on the other hand, will tend to follow a path flanked by the
pillar arrays.
1.5.2 Polymerase chain reaction amplification
Polymerase chain reaction (PCR) is a technique used to generate
multiple copies of a DNA molecule. Microfluidics can hold the
different stages required for this technique, particularly when
it comes to creating optimal temperature conditions [98,99] -
the process by which DNA is copied is extremely sensitive to
even slight temperature changes-. PCR has been also successfully
achieved by means of DMF techniques in microfluidic devices
[100]. PCR typically consists of the following steps:
• Denaturation: In this step the double-stranded DNA molecule
is heated at approximately 95°C which causes the hydrogen
bonds between complementary bases from each strand to
break leaving two separate strands. The temperature is then
lowered (∼ 56°C) for the annealing process.
• Annealing: Primers, short DNA-complementaries molecules,
are added to the reaction initiating an annealing process
with the exposed DNA bases of the single DNA templates.
A precise temperature control is very important in this step
because efficiency and specificity are very dependent on
the annealing temperature [101-103].
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• Extension: In the last step an enzyme, polymerase, is added
to the reaction to create a new DNA strand complementary
to the DNA template. The temperature during this process
is raised to increase the polymerase activity.
1.5.3 Mass spectrometry
This is a technique by which the trajectories of ions from a
chemical component under the influence of an electric and/or
magnetic field are monitored and information based on their
mass-to-charge ratio is obtained. Despite its complex technical
requirements, mass spectrometry (MS) has also found a niche in
microfluidics [104-106]. Miniaturization in microfluidics, however,
must deal with some sort of ionization method for chemical
components for MS to be feasible.
ionization methods
1. Electrospray ionization (ESI): With this technique, an electric
field is applied to an analyte that atomizes the solution
with charged droplets. The analyte is delivered through a
micropipette (also known as nanoelectrospray or nanospray
tips) whose tip is under the influence of a high voltage.
Ions in the nearby region of the tip accumulate forming a
meniscus as the charge repulsion overcomes surface tension.
This results in a spray of droplets containing electric charges
leading to the spectrometer.
2. Matrix-assisted laser desorption/ionization (MALDI): The
analyte is placed in a solid matrix (containing an acidic or
organic molecule) and co-crystallized forming a dry spot.
The sample is then irradiated with a pulsed laser under
vacuum which desorbs the analyte from the surface and
ionizes it to be guided to the MS for analysis [107,108].
1.5.4 Single cell mechanical characterisation
Most of the interest in studying the mechanical properties of cells
is focused in the study of circulating cells in blood, RBC, WBC,
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platelets and, in the case of a sample from an individual suffering
a cancerous disease, circulating tumour cells (CTC). Each of these
cells possess their own mechanical properties and microfluidics,
with its advantageous features, has been employed to perform
a variety of mechanical characterisations. Mechanical properties
of the cells are studied by means of cell deformation after some
sort of force or shear stress has been applied to them. This way,
properties regarding the rigidity of cells can be obtained. We
summarize the tools used to perform these analyses based on
the nature of the mechanism used to deform the cells.
1. Flow induced stresses: These are based in the use of shear
(shallow channels) or extensional flows (T-junctions) in
microfluidic channels. The variation of the flow profile
across the surface of the cells generates various stresses
that causes a deformation of the cell. The stronger the
gradients in the flow profiles, the bigger the deformation
that the cells will experience.
2. Constriction channel: These devices use physical constric-
tions in channels, whose dimensions are slightly smaller
than the studied cells. This way, cells driven through the flu-
idic channel are forced to deform as they squeeze through
these physical constrictions. Useful data such as entry and
transit times, cell elongation and shape-recovery can be
extracted from these events. With such constrictions re-
searches can, for instance, discern between healthy and
malaria-infected RBC due to changes in their stiffness as
the disease progresses [109,110], or filter leukocytes with
abnormal increased stiffness from patients affected by acute
respiratory distresses [111]. Likewise, differences in transit
times between healthy and infected cells has also been ob-
served [112]. Interestingly, cancerous cells are described as
being more deformable than benign cells which translates
into shorter entry times [113].
3. Optical stretcher: It is composed by two counterpropagating
diverging laser beams used to trap and deform soft-matter
bodies like cells. At the foundation of the optical stretcher
we found optical tweezer capabilities, which are retained
through scattering and gradient optical forces created by
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the two laser beams, and the deformation exerted by photon
momentum transfer at the surface of the cells. As a photon
penetrates the cell, its momentum increases as a result of
the difference in the refraction indexes between the cell and
the surrounding media. Hence, conservation of momentum
imposes the emergence of a force on the surface of the cell
pointing in the opposite direction of the incoming photon,
i.e., outwards from the cell perspective. The opposite effect
takes place when the photon leaves the cell. When the laser
intensities are low, the optical stretcher acts as an optical
trap but, at higher intensities, the resulting effect of the
whole process is an elongation of the cell in the direction of
photons’ trajectory. RBC, oral squamous cells and myeloid
cells have been characterized by optical stretchers [114-
116]. Microfluidic optical stretchers have demonstrated the
higher deformability of human epithelial breast cancer cells
[117-118]. Studies on RBC infected with malaria also have
shown how the presence of internal parasites increase the
rigidity of these cells [110].
4. Electro-deformation: This principle is based on the forces
exerted on a dielectric body after being polarized in an alter-
nating electric field as in DEP. The strength and frequency
of the applied electric field, together with the media prop-
erties, will determine the deformation response of the cell.
Microfluidics provides with excellent implementation pos-
sibilities thanks to microfabrication; electro-deformation
can be realized with microelectrode arrays [119].
5. Aspiration: Microfluidics has adopted the use of conven-
tional micropipette aspiration techniques to study the me-
chanical properties of different kinds of cells. As in con-
ventional micropipetting, individual cells are partially aspi-
rated in funnel-like channels and its deformation is mea-
sured under the application of different pressure gradients.
This techniques permits to measure the stiffening of in-
fected cells as the disease progresses [120] as well as the
degree of deformability of different cells by direct imaging
[121].
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1.5.5 Microreactors
Miniaturization of physical processes allowed the implementa-
tion of efficient flow chemistry reactions in microfluidics. Due to
its inherently big surface to volume ratios, microreactors possess
higher heat transfer coefficients with respect conventional shells,
production vessels, tube heat exchangers and macroscale reactors
in general [122]. Manipulation of fluids at the microscale also
permit the usage of minimal amounts and controlled delivery of
reagents and improved catalyst and waste products. A controlled
delivery of reagents, also makes possible to rapidly screen the
chemical reaction conditions and improve the safety of the whole
process [123].
The characteristic laminar regimes found in microfluidic de-
vices favours the control and modeling of flow interfaces where
the chemical reactions between different reagents occur. These
steady conditions also improve the reactions that take place at
the interfaces in multiphase flows. Multiphase flows developed
in microreactors comprise different phases that are flowing si-
multaneously in the fluidic channels. Depending on the phases
distribution, liquid-gas microreactors can contain: bubble flow,
slug (Taylor) flow, annular flow, spray flow, foam flow and transi-
tional regimes [124]. In liquid-liquid systems we can find parallel,
slug and segmented flow [125,126].
1.5.5.1 Numbering-up
Given that a single microreactor only deals with very small
volumes, means to scale-up the synthetization of chemicals to
industrial volumes have been proposed. The two basic schemes
by which a numbering-up (scale-up) of the production process
can be achieved are simply series and parallel connections of
the constituent elements of the microreactors, that is, the parallel
connection of the functional elements (microfluidic chips) of
the device. The resulting housing typically has an inlet and a
collection manifolds and the microfluidic chips are staked inside
this housing [127]
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Figure 1.5: Serpentine microreactor. Two components, A and B, enter
the serpentine and a chemical reaction takes place at the
interface between them. Thanks to the laminarity of flows at
the microscale, the size of the interface between the reagents
and the time they both interact can be precisely controlled
by selectively adjusting the flow rate.
1.5.5.2 Micro total analysis systems
Microreactors represent an invaluable component on integrated
microsystems, also known as micro total analysis systems (µ-TAS).
µ-TAS include, in a single unit, the necessary elements to perform
sample preparation, separations, sample measurement, detec-
tion and data processing. These devices include, among others,
pumps, valves, mixers, reactors and separators [128]. An area in
which µ-TAS excels is in the biomedical field, where microreac-
tors offer unmatched advantages to the pharmaceutical industry,
particularly for the analysis of DNA and proteins.
1.5.6 On-chip chemical sensing
These devices have been used for the detection of chemical com-
ponents in a sample. Depending on the mechanism used to
perfom the detection of the target of interest, they are divided
into two major types, optical and electrochemical methods.
1.5.6.1 Optical detection methods
Optofluidic devices have been extensively employed to perform
microanalytical procedures with a high throughput delivery.
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cytometry
Among the different measurements and applications, on-chip
chemical sensing has been used in molecular and chemical reac-
tions employing surface enhanced plasmon resonance [129-131];
molecules detection, analysis of chemical processes and the in-
vestigation of the structure and function of large molecules using
surface enhanced Raman spectroscopy (SERS) [132-135]; photonic
crystals (PC) have been used in optical detection methods regard-
ing particle-particle interaction characterization [136,137] and
optical resonators have been used for the detection of viruses,
proteins, DNA and bacteria[138,139].
1.5.6.2 Electrochemical detection methods
Different types of on-chip electrochemical microfluidic devices
would be those involving techniques that highlight the pres-
ence of electroactive species in the sample employing electrodes.
Among these methods we can found amperometries [140,141],
which measure changes in current intensities in an analyte after
reduction processes take place in an analyte; potentiometries
[142,143], in which the potential caused by a charge separation
of an ion-selective electrode is monitored against a reference
electrode; and conductometries [145,146], which measures the
presence of charged species in a region by means of changes in
its conductivity. Electrochemical detection has major applications
in PCR [144] and CE [147,148].
1.6 cell staining for optical detection in flow cy-
tometry
The process of cell staining is characterised by the use of cell
surface markers used to detect cell populations in a given sample.
Biotechnology has provided means by which this can be a selec-
tive step in the sense that specialised proteins can be attached
only to specific targets on the surface of the cells of interests. In
order to ensure the viability of the sample and the correct tagging
of cells, a protocol for the labeling of cells has been established.
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1.6.1 Cell conditioning
A cell detachment medium such as trypsin or ethylenediaminete-
traacetic acid (EDTA) can be used to detach adherent cells (spe-
cially those harvested directly from organs or those coming from
adherent tissue culture cell lines) from the culture plate and to in-
dividually harvest them in a separate container. This step is also
important to prevent cells from forming clumps or aggregates
of cells that can clog the flow cytometer. EDTA interferes with
cell-cell adhesion molecules by sequestering Ca++ and Mg++
divalent cations in the solution, the needed cations for these
molecules to do its function. Reducing the incidence of clogging
can greatly increase the viability of the sample. A clog can cause
downtimes during the experiment and an increase in the time
that the cells spend in a vial under unsuitable conditions. Ideally,
cells should be manipulated immediately after the sample has
been prepared -the longer the analysis period, the higher are the
chances that cells undergo apoptosis or necrosis.
Almost inevitably, structural cell damage will occur during
the sample elaboration and cell organelles will be thrown to the
buffer. Among them, genomic DNA can cause cell clumping be-
cause, when a cell breaks, it releases its genomic content creating
a mucus-like substance, which acts as a cementing component,
that can trap cells and form clumps. It is then advisable to add a
DNA-degrading enzyme such as deoxyribonuclease (DNase) to
cleave DNA molecules to decrease the chances of clogging in the
apparatus.
1.6.2 Cell surface tagging with fluorescent-labeled antibodies
Flow cytometry permits a given cell population, expressing a
specific cell surface marker, to be identified when an antibody
recognizing the cell surface marker is conjugated to a fluorophore
and injected through a microfluidic device. The characteristic flu-
orescent emission is detected when fluorescence is triggered by a
light source and the signal is harvested by a light detector (gener-
ally a photomultiplier tube). The process of staining a cell with a
single conjugated antibody is know as direct antibody labeling (Fig-
ure 1.6). Two different antibody reagents can also be used for the
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1.6 cell staining for optical detection in flow
cytometry
Figure 1.6: Antibody distribution in a direct and indirect cell labeling.
tagging of the target of interest; an antigen with cell specificity,
primary antibody, and an anti-species secondary antibody that
binds to the primary antibody. The secondary antibody is the
one that is conjugated with a fluorescent dye in this case. This
procedure is know as indirect antibody labeling. Antibody avail-
ability for a given target represents the main conditioning factor
in choosing direct or indirect labeling in immunofluorescence pro-
cedures. Each method has its own advantages and disadvantages
which we resume in Table 1.1.
Antibodies recognizing cell’s antigen can be used in either
ex vivo or in vivo experiments. While the conjugated antibody
is directly injected into the circulation in in vivo measurements,
ex vivo tagging requires specific cell isolation and purification
from donor animals, cell labeling with the chosen fluorescent
tracer and, finally, an adoptive transfer into recipient animals.
Flow cytometry, however, does not require this last step since
the measurements take place in cytometers. This technique can
also be employed to tag cultured cell lines or human cells to be
measured in flow cytometers. A wide range of antibodies are
commercially available and can be acquired as already conjugated
markers or as conjugation kits where a given antibody is linked
to the desired fluorophore in a separate process.
Selecting an appropriate antibody may represent the most im-
portant step in immunofluorescence experiments. It is generally
recommended to pick an antibody that was raised against the
same species to which the analysis will be performed in the
experiment. If this is not possible, the chosen primary antibody
should be then the one raised against the species with the anti-
gen’s highest amino acid homology. When selecting conjugated
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Pros Cons
D
ir
ec
t
la
be
li
ng
• Shorter staining
times
• High target
specificity for all
given host
antibodies
• No
cross-reactivity
between
secondary
antibodies
• Fluorescence
signal detection is
limited by the
number of
fluorophores per
antibody
• Limited amount
of available colors
In
di
re
ct
la
be
li
ng
• Signal
amplification;
more than one
secondary
antibody can
bind to primary
antibody
• Wide range and
inexpensive offer
of secondary
antibodies
• Cross-reactivity
in multilabel
experiments
• Possibility of
non-specific
labeling due to
endogenous
antibodies
Table 1.1: Main advantages and disadvantages of direct and indirect
antibody labeling.
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1.6 cell staining for optical detection in flow
cytometry
secondary antibodies for a primary antibody, it has to be taken
into account that the host species from both antibodies have to be
different; the secondary antibody (raised as an immune reaction
of the secondary host to the presence of the primary antibody)
has to be raised in a species other than the primary antibody.
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FA B R I C AT I O N M E T H O D F O R O P T O F L U I D I C
D E V I C E S
2.1 introduction : different approaches for the man-
ufacturing of microfluidic devices
Microfluidics has clearly benefited from well established and con-
ventional integrated circuit fabrication processes through the im-
plementation and adaptation of photolithography and chemical
or dry etching techniques. Optofluidics has also taken advantage
of the know-how in optics and communications, particularly, for
its extensive use of waveguides, optical fibers, gratings, mirrors
and lenses.
The use of photoresist-structured moulds in photolithography
is tightly linked to the use of polydimethylsiloxane (PDMS) as
the structural material for the elaboration of microfluidic chips
due to its excellent ability to replicate micro and nano structures.
Although photolithography has gained significant attention as
the standard method to obtain high quality microfluidic devices,
the process of mould production with photoresists still requires
skilled technicians and the use of expensive and specialized
equipment during a production process that comprises around a
dozen steps. This production method is, however, widely used
in the scientific community since experimental research does
not require large batches as in commercial production. Before
covering the essential aspects of photolithography in the follow-
ing sections, we will briefly mention alternative methods for the
fabrication of microfluidic devices.
The chosen fabrication method for an optofluidic device will
largely depend on its intended field of application, the kind of
measurement or process we pretend to perform and the num-
ber of available resources to produce a functional device. Many
researchers have opted to produce their devices with glass, ther-
mopolymers and silicon. Nowadays, microfluidic devices made
out of silicon have been widely substituted by alternative inexpen-
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sive materials that offer an appropriate degree of transparency
while still retaining a reasonable structural strength. Glass has
become an excellent alternative for that purpose. Additionally,
glassy microfluidic devices are preferable over PDMS due to its
superior biocompatibility and heat resistance; their properties
makes them ideal for biomedical applications and as microre-
actors. The main difficulties in elaboration glass (and silicon)
microfluidic devices come from the micromachining difficulties
of producing micro-sized structures. Polymer-made devices on
the other hand, are cheaper to produce, and depending on the
chemical composition, they can provide the necessary qualities
required for a specific application (optical transparency, biocom-
patibility,...). Depending on the production technique, production
costs for plastic microfluidic devices are usually small. Traditional
fabrication methods for polymer and thermoplastic devices in-
clude hot embossing, where a conformable polymer is pressed
against a mould, and injection molding, in which molten plastic
is injected inside a hollow mould and replicates its inner features.
2.2 su8 moulds and photolithography
A commonly used technique to obtain microfluidic devices re-
lies on the use of a solid structure, a master or mould, whose
patterns will be later reproduced in the bulk material that will
be part of the microfluidic device itself. Besides the required
photolithography techniques, in this part we will describe one of
the most common methods used to elaborate microfluidic parts,
i.e., the production of microfluidic moulds employing a widely
used commercially available negative1 epoxy photoresist, SU8
[1], and the use of PDMS to elaborate the microfluidic devices [2].
2.2.1 Substrate preparation
The first step in any mould elaboration consists in the prepara-
tion of the substrate, typically silicon wafers, used as a support
1 Negative photoresists exposed to UV light undergo polymerization of its
molecular constituents.
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fabrication method for optofluidic devices
for the replicated micro-sized structures throughout the pho-
tolithography process. In this step it is very important to obtain
a completely dehydrated substrate since any signs of moisture
can cause SU8 structures to detach in the last steps of the mould
production. In order to get a proper dehydration, the substrate is
heated in a hot-plate or convection oven in a 1 to 2 hours process.
The rest of the steps that comprise the SU8 layer application have
to be done as quickly as possible to avoid any hydration of the
substrate.
To further improve SU8 adhesion to the substrate, adhesion pro-
moters in the form of liquid chemical compounds are normally
used (cyclopentanone). Such compounds are directly applied
over the surface of the substrate using a spin coating process.
To seal the adhesion promoter into the substrate a baking step
is required. This leaves a thin coat (dozens of nanometers in
thickness) of a chemical compound that improves the adhesion
of the resists normally used in photolithography, a particularly
useful feature when high aspect ratios are desired.
2.2.2 SU8 structures
Once the substrate has been prepared, the next step involves
the creation of SU8 structures onto the substrate. To ensure an
homogeneous and uniform SU8 application all over the substrate,
a spin coating process is used. As the substrate spins, the SU8
-which has been previously poured over the wafer- is pulled
outwards to the wafer edge due to centrifugal forces. SU8 in its
original form has the consistency of a liquid with a wide range
of available viscosities. This allows to obtain a wide variety of
SU8 layer thicknesses after it has been spun in a spin coater. To
further tune the final SU8 thickness, the spin coater rotational
speed can be adjusted.
After the photoresist layer has been produced, the substrate,
with the liquid photoresist on top, is baked to evaporate the
solvent contained within the SU8 leaving a hardened layer of
resin (soft bake process). Baking times depend on the SU8 layer
thickness as well as solvent concentration; the thicker the layer
the more time it is required to completely evaporate the solvent.
A bulge of photoresist caused by surface tensions in the resin
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is normally visible at the edge of the silicon wafer after the
spin coating process and it remains after the soft bake process.
This bulge is particularly big when thicker SU8 resists are used
for the master elaboration. Since this region of thick SU8 may
compromise the quality of the finished mould2, it is advisable
to remove it by means of the dispense of a solvent (for instance,
propylene glycol methyl ether acetate, PGMEA) directed towards
the outer region of the wafer in what is known as edge bead
removal (EBR) process. Some spin coater devices incorporate
devoted tools to guarantee a proper and reproducible EBR process
by carefully controlling the solvent flow rate, the angle and
height of the dispense noozle and the centering of the wafer.
Alternatively, EBR can be performed by hand employing a syringe
to deliver the solvent right at the edge of the wafer as it spins in
the spin coater. After the EBR process, an SU8 layer of constant
height is obtained in the center of the wafer.
To transfer the pattern of a microfluidic array onto the re-
sist layer, ultraviolet light (365 nm i-line) is irradiated through
a photomask placed in physical contact with the SU8. In the
case of negative photoresists, the mask will be transparent in
those regions where SU8 features are going to be reproduced
and opaque elsewhere; unexposed SU8 will be removed in the
last steps whereas SU8 patterns, that have absorbed ultraviolet
light, will remain solid while reproducing the shapes casted from
the photomask. The duration of this process has to be optimized
to avoid undesired over or underexposition of the resin which
can compromise the correct transferring of the channel geometry
from the mask. Commonly used photomask materials include
glass slides coated with some reflective material, e.g., chromium,
or plastic lithographies printed with conventional ink or laser
printers. An alternative to the described contact lithography (con-
tact makes reference to the fact that the photomask is in direct
contact with the SU8) is proximity printing where a gap between
the resin and the photomask exists.
2 If the SU8 layer contains irregularities on its surface the photomask will not lay
flat and parallel to its surface. Additionally, a gap between the photomask and
the SU8 will worsen diffraction effects of the UV light, as it passes through the
photomask, that will transfer onto the resin.
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(a) (b)
(c) (d)
(e) (f)
Figure 2.1: Followed steps during SU8 mould elaboration. (a) Spin
coating of SU8 over a silicon wafer; (b) A bulged ring of
resin is formed at the edge of the wafer. A soft bake process
is applied afterwards; (c) The EBR step removes the thicker
outer part of the SU8 layer; (d) It follows UV light exposure
through a photomask. UV exposition is followed by a post
exposure bake; (e) The unexposed SU8 is submerged in
a solvent and dissolved during the development process;
(f) The developed SU8 structures are finally rinsed with
ethanol and isopropanol to eliminate uncured SU8 and
solid structures are obtained.
51
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
2.2 su8 moulds and photolithography
Exposed SU8 requires a post-exposure bake process (PEB) to
further induce the resin cross-linking between the epoxy groups
that have been exposed to UV light and form a cured structure.
Like in the case of the soft bake, PEB times depend on the SU8
thickness. Baking temperatures are smoothly varied through
these processes to avoid stress accumulations which can lead to
crackings in the SU8. Once the exposed SU8 has reached room
temperature, the whole silicon wafer is immersed in PGMEA
or SU8 developer to dissolve the unexposed SU8 leaving the
cured cross-linked SU8 structures. After the developing process,
the areas of the silicon wafer previously covered by SU8 which
were not irradiated are now fully exposed. This areas however,
still contain a layer of the adhesion promoter used during the
substrate preparation process, a layer that is still visible to the
naked eye by simple visual check. In order to remove this layer,
a short exposure to an oxygen plasma can be applied so that a
clean silicon surface is obtained at the end. This is an advisable
step since, although the bare silicon contains no structures to be
reproduced, the wafer surface should be as clean as possible so
that a flat PDMS surface is obtained after its casting and a proper
bonding can be achieved during the sealing of different layers of
PDMS.
2.2.3 PDMS
PDMS has a remarkable optical transparency, possesses a non-
toxic composition and is chemically inert. These properties makes
this material very attractive for microfluidics applications, partic-
ularly those related with the simultaneous use of light and the
experimentation of living cells and tissues. Another interesting
feature of PDMS is that, once cured, it can reproduce with high
fidelity sub-micron structures.
Mould structures are reproduced in PDMS by simply placing
the mould in a container with the SU8 structures facing upwards.
PDMS is then poured on the mould and cured in a convection
oven leaving an elastic material that can be peeled from the
master. Normally, a blank PDMS slab with no structures is also
created to be used as a cover so that the PDMS slab that contains
the microfluidic channels can be sealed.
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2.2.4 Plasma bonding
Besides the already mentioned attributes, another interesting
feature of PDMS is its ability to be irreversibly bonded to itself
at the molecular level without the need to apply any mechan-
ical modification or chemical compound. This feature is quite
valuable in microfluidics because it allows PDMS to have a strong
seal between different layers to obtain waterproof fluidic chan-
nels that can sustain high pressures without the need to use
an external agent which can physically modify the geometry of
the fluidic channels. Bonding is achieved by an oxygen plasma
activation which disrupts the silicon-oxygen bonds of the sur-
face of the PDMS. As two activated surfaces are put into direct
contact, silicon-oxygen bonds between the surfaces start to form
and the two slabs become permanently bonded. The joint fea-
tures provided by photolithography and PDMS bonding allows
the production of devices with micrometric features embedded
in a bulk material that has excellent physical properties.
Alternatively, some researchers directly bond the patterned
PDMS to glass slides given its affinity to be bonded together
after an oxygen plasma activation. Since glass thickness is not a
limiting factor, it can be used as a structural component of the
microfluidic chip to provide more rigidity and holding points.
2.3 optofluidics
This research field is based in the merging of microfluidics and
optics taking benefit from the combined advantages they both
provide [3,4]. Optofluidics aims at finding solutions to integrate
both, microfluidic and optical components in a single miniatur-
ized device to perform optical analyses as part of LOC techniques
[5]. Traditionally, optics has been tightly linked to the interaction
and manipulation of light by means of solid elements, such as
semiconductors (optoelectronics) and dielectric materials (lenses,
waveguides,...), in an optical setup. Optofluidics puts its empha-
sis in the use of non-solid media (gases and liquids) together
with integrated optical structures to guide and focus light. As a
result, optofluidics synergically emerges as an interdisciplinary
field by permitting new photonics approaches to the field of
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microfluidics. Optofluidic devices are usually referred as one of
the paradigmatic examples of how the simultaneous application
of two completely different disciplines can be used to improve
the existing technology and overcome some of the current tech-
nological barriers.
Although the bottle neck of this systems originates in the
time response of the fluidic unit (due to the liquid manipulation
timescales when compared to light signal processing and com-
munication data rates), it has attracted much attention due to the
new approaches it provides for sensing, particularly in the fields
of biology, chemistry and medical prognosis.
Besides of a light source, optofluidic devices can additionally
comprise the following parts:
• Waveguides: In order for light to reach the sample con-
tained in the liquid: analyte, cells, DNA, particles,... means
to guide the light to the region of interest are provided by
waveguides integrated in microfluidic chips. Waveguides
can be either used to illuminate a particular spot in the
fluidic setup or be employed as sensing elements them-
selves in experiments in which light coupling efficiency is
monitored as the analyte is continuously in contact with
a functionalized surface of the waveguide. Some of the
most used waveguide arrangements, or those with a po-
tential application in optofluidics, are shown in Figure 2.2
[6,7,19]. Alternatively, some authors have proposed the use
of liquid-liquid and liquid-air waveguides given the high
degree of adaptability they offer; the shape and size of the
waveguide can be varied by modifying the flow conditions
in the microchannels [8].
• Lenses: To create lenses in an optofluidic device researchers
normally make use of the bulk material of the device itself
[9,10]. Curved surfaces can be easily created with conven-
tional photolihtography techniques. Taking full advantage
of microfluidic and optics integration, other authors have
proposed to exploit refractive index contrast in liquids to
create reconfigurable liquid lenses with variable focal points
[11].
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• Mirrors: These can be composed by conventional metallic
surfaces [12], hollow prisms or cavities, which exploit total
internal reflection capabilities [13], and liquid-liquid inter-
face mirrors have also been proposed as an alternative [14].
Mirrors in optofluidics are essentially used to direct light
across the structural material from which the microfluidic
chip is made. For this reason, bulk material has to possess
very good optical qualities when employing mirrors.
2.3.1 Optical pumping for signal detection
Optical pumping is necessary whenever the analysed sample re-
quires optical stimulation to emit a characteristic light spectrum,
e.g., fluorescence or Raman emission. Light sources are gener-
ally composed by a laser, whose light beam’s high convergence
provides with the high intensities required in some experiments.
Two main approaches for the optical setups have been exploited
in optofluidic devices, those who make use of external appa-
ratuses to generate pump light for the microfluidic device and
those who take advantage of microfluidics capabilities to include
optical components capable of generating laser light inside the
optofluidic device itself.
2.3.1.1 Mixed approach for a pumping source
The optical unit of any optofluidic device is composed, at least,
by two differentiated parts, a light guiding unit (waveguides,
mirrors and lenses for instance) and a laser source. In order to
benefit from optofluidics integration and stable pumping light
positioning that integrated waveguides offer, some researchers
have adopted an intermediate approach by integrating only the
guiding unit in their optofluidic devices while still relying in an
external laser for light generation [10,15,16]. Embedded waveg-
uides eliminate the need for optical alignment each time an exper-
iment has to be performed removing any possible bias that can
arise during spot alignment. Also, photolithography techniques
allow for accurate waveguide positioning during the microchip
construction ensuring that each time the light will follow the
55
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
2.3 optofluidics
(a) Buried waveguide (b) Ridge waveguide
(c) Rib waveguide (d) Strip-loaded waveguide
(e) Diffused waveguide (f) Optical fiber
Figure 2.2: Different waveguide geometries. The guiding (red) and
cladding (translucid) media can be created by different
means, e.g., photolithographic, epitaxial growth in glass ma-
terials, micromachining or laser-induced breakdown writing
techniques.
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desired path and illuminate the correct spot in a microfluidic
channel.
2.3.1.2 Optofluidic laser integrated pumping source
Aiming at improving optofluidic devices’ portability, some re-
searchers have designed optofluidic devices with a higher degree
of autonomy when it comes to light generation. There exist a
wide range of techniques to implement the ability of light gener-
ation in the optofluidic device itself, eliminating the need of an
external light source while improving the portability and reduc-
ing the footprint of the whole setup [17,18]. Dye and gas lasers
are probably the ones that provide the most elegant solution; the
acquired know-how in fluid manipulation and confinement in
microfluidics provides means by which a proper cavity with its
amplification medium can be created in the microfluidic channels
themselves.
2.3.2 Waveguides in optofluidic devices
2.3.2.1 Fiber optics
Fiber optics are commonly used in microfluidics as means for
light guiding and/or light collection from interrogation regions
in fluidic channels [15,16,19,20]. Given that the typical diameter
of an optical fiber is similar to most microfluidic channels’ di-
mensions, the use of embedded optical fibers in microfluidics
does not require significant sacrifices from the miniaturization
perspective when considering conventional microfluidic chip
designs.
A possible limiting factor in the use of optical fibers in pho-
tolithography has to do with the fact that fluidic channels’ height
has to be approximately the same as the optical fiber diameter.
This is because grooves devoted to optical fibers are casted from
the same moulds used to produce the microfluidic chip; the
mould then contains both, the structures for the fluidic channels
and the structures from where the grooves for the optical fibers
will be produced. Since both structures are created from a single
SU8 layer, they both have to have the same height. An alternative
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to match the channel height to the optical fiber diameter would
be to mechanically modify the thickness of the optical fibers, al-
lowing the use of any channel geometry with optical fibers. Some
authors have proposed the use of hydrofluoric acid to etch an
optical fiber to reduce its diameter for sensing purposes [21], an
approach than can be used to reduce the diameter of an optical
fiber so it can fit in channels with a wider variety of geometries.
2.3.2.2 Waveguides
Different kind of waveguides have been used in microfluidic
devices in the field of sensing. We will limit ourselves to briefly
discuss here only the most common types.
polymer-based waveguides These waveguides consist of
a guiding core material made of some sort of polymer whose
refraction index is higher than that in the surrounding medium.
Among the different kind of materials used to elaborate these
waveguides we can find epoxy-based resins and optical adhesives.
In the first group we can find that SU8 has been extensively
used in waveguide fabrication given its optical, mechanical and
thermal properties [22,23]. Commercial optical adhesives on the
other hand are also suitable for light guiding thanks to their
excellent optical transparency and the wide range of available
refractive indexes which can enable single-mode light guiding
[24].
pdms-based waveguides Although PDMS is basically used
as a structural component in microfluidic devices, some authors
have highlighted its suitability to be used as a guiding media
given its excellent optical qualities and the relative ease to modify
its index of refraction. The index of refraction of PDMS can be
increased by incorporating nano-particles (such as TiO2or ZrO2)
together with the catalyst during the PDMS preparation step
[25,26]. Some authors also add silicone oil to the PDMS-catalyst to
increase the refractive index. Another method has to do with a
precise modification of the process parameters (time and curing
temperature) during the curing process [27]. Some investigators
have also reported a decrease in the refraction index when dilut-
ing PDMS in a solvent and evaporating the solvent before curing
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[28]. The solvent will create voids in the bulk PDMS lowering the
its refraction index.
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3
N U M E R I C A L M E T H O D S I N F E M A P P L I E D T O
F L U I D D Y N A M I C S
3.1 description of the finite element method
The finite element method (FEM) aims at mathematically redefin-
ing and simplifying a physical problem so that numerical tech-
niques can be applied to the equations describing a given physical
process of interest. This kind of methods are generally a neces-
sary step in some engineering and physics disciplines in order
to find a solution to a problem involving complex governing
equations (specially in the case of Navier-Stokes equations in
fluids); there exist no mathematical procedure to solve analyt-
ically some of these equations even when the geometry of the
problem is apparently simple and approximations are considered.
This simplification procedure, however, will lead to a situation in
which an approximate solution, rather than the exact solution, is
found.
The main idea behind FEM is to reduce the complexity in the
representation of a given problem by replacing a whole continu-
ous domain by a set of smaller constituting subdomains. In FEM,
the continuum body representing the physical domain in a real
experiment, is transformed into an ensemble of smaller geomet-
ric entities, the finite elements, delimited by nodes (Figures 3.1
and 3.2). All the individual finite elements contained within the
whole domain are interconnected at the boundary nodal points
with their immediate neighbouring elements. In this way, the
physical domain of study is replaced by a simplified mathemati-
cal geometric model with less degrees of freedom. The solution
inside each finite element (field variables such as temperature
distribution, flow field velocity, electric field,...) is then approxi-
mated by a simple function whose coefficients are defined with
respect the field variables’ values at the nodes (unknowns) within
the domain. The shape of the elements will generally depend on
the shape of the domain, the number of dimensions in which
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Figure 3.1: Two-dimensional finite elements.
Figure 3.2: Three-dimensional finite elements.
our problems lies and on the kind of measurement we want to
perform.
FEM is regularly used in the fields of structural analysis, fluid
dynamics, heat conduction and electromagnetic field propaga-
tion. In general, this technique is well suited for those problems
in which a boundary value for the studied domain is set; an
homogeneous temperature distribution on the face of a heated
conducting bar, a fully reflective wall (mirror) in electromag-
netism or a wall at which the velocity of a fluid is zero (no-slip
boundary condition) once a flow rate is set in a fluid dynamics
problem. Finite element methods can be used indistinctly to solve
stationary and transient problems. A time dependent problem
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numerical methods in fem applied to fluid
dynamics
will provide solutions, not only in terms of the coordinates of the
problem (x, y, z), but also in terms of the time t.
3.1.1 Discretization process
The process of domain discretization can be in itself a challenging
step in any FEM simulation depending on the size and features
of the domain and the kind of processes we want to simulate. To
represent a meshed domain with as many elements as possible
can be a tempting approach given that, it may appear that the
bigger the number of nodes, the closer the simulation domain
will be to the continuous domain in the real situation. The correct
procedure, however, will take into account that the best way to
discretize a domain is the one that preserves the essence of the
physical process employing the minimum amount of required
computational effort, hence, the minimum possible number of
finite elements. Additionally, there exist an upper limit for the
number of elements beyond which the accuracy of the solution
doesn’t improve significantly. A good practice when it comes to
domain discretization is to simultaneously use elements with
different sizes in the study domain. For instance, in a stress
analysis we want our mesh elements to be as small as possible
in the regions were stresses accumulate more predominantly.
This is because our solver will require a finer discretization to
capture more easily the fast stress variations across the body.
Paradoxically, we can reach situations in which the simulation
converges faster as the mesh element around a critical region
become reduced. On the other hand, a solver does not require
the same amount of elements in those regions where nothing
interesting happens; a simple fluid simulation, in which we are
studying the flow development inside a one centimeter diameter
pipe, for instance, does not require mesh elements as small as,
say, one micron in size in the inner region of the pipe, where the
flow profile is flatter.
Choosing the correct size and shape of the elements will some-
times require a considerable amount of time comparable to the
time required for the simulation itself. Additionally, for geome-
tries requiring thousands or even hundreds of thousands of
elements, this task has to be carried out by meshing packages.
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3.1 description of the finite element method
For this reason, some software developed to execute FEM tasks
incorporate automatic meshing features that can autonomously
and efficiently represent complex domains. Nonetheless, a proper
fine tuning or customizations of an automatically generated mesh
requires a previous understanding of the physical processes that
will take place during the simulation and an accurate prevision
about the possible outcomes of the numerical process.
3.1.2 Problem simplifications
When the geometric entity to which the FEM calculations are
applied lives in a three-dimensional space, it can be approximated
by a set of three-dimensional subdomain elements like those
shown in Figure 3.2. The most versatile finite element geometry
is the tetrahedron since any regular solid can be constructed
taking tetrahedra as the fundamental indivisible units. Complex
boundaries of a geometry can also be accurately approximated by
tetrahedra. This last feature can be a determinant factor to achieve
a proper simulation domain representation since the correct
implementation of boundary conditions is very important in any
given simulation. In some particular cases, the representation of
three-dimensional problems can be greatly simplified hence only
requiring one or two independent spatial coordinates to describe
the field variables. Such problems are those that possess some
kind of symmetry, such as axial or mirror symmetry. A body with
axial symmetry can be constructed by a rotation of a section of
the domain around the axis of symmetry of the body (a cylinder,
a cone or a ring for instance). A body with mirror symmetry, on
the other hand, is the one that can be divided into two identical
shapes along a plane (or line in the case of two-dimensional
simulations). In order to take advantage of the symmetries, from
the simulation solving perspective, these have to be obeyed also
by the values taken by the variables at the boundary of the
domain; the geometric symmetry of the problem’s domain has
to extend to the boundary conditions as well.
Further problem simplifications exploit possible periodicities
of the geometry, e.g., a cylinder with hexagonal section can be
constructed by rotating a triangular prism with an equilateral
triangle section around an axis going through one of the edges
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connecting the upper and lower triangular faces. For example,
in a problem regarding the temperature distribution of a heated
metallic bar with hexagonal section, this kind of periodicity
would require to simulate only a sixth of the total domain. In a
problem with different field variables, for instance, the velocity
and pressure of a fluid flowing through a pipe with hexagonal
shape, only the fluid domain in the periodic unit need to be
calculated to obtain the flow field distribution of the entire pipe.
Another situation in which the periodicity of the domain is
advantageously exploited is in those situations in which the
domain is composed by a series of periodic units, with constant
separation between each other, arranged in a path with self-
similarity (a straight line or a constant radius curve).
3.1.3 Interpolation model
As already stated, one of the basic ideas behind the discretization
process, is the approximation of the solution over each finite
element by a simpler function that, nevertheless, can capture
the behavior of the physical processes inside the domain. These
functions are known as interpolation or approximating functions
and they normally have the form of polynomial functions of
order one (linear model), two (quadratic model), three (cubic
model) or higher. The reasons behind the extensive use of these
kind of functions is that they provide easier to formulate finite
element equations and that such equations are easier to manip-
ulate computationally. The use of polynomial approximating
functions does not represent a limitation per se of this method
since a polynomial function of arbitrary order can approximate
the simulation solution to the real one as much as it is required
by increasing the order of the function.
Linear elements (also known as simplex elements), those el-
ements with an interpolation polynomial of order one, are not
useful in regions where gradients of the field variable vary very
rapidly. In these cases, higher order elements (complex elements),
with corresponding interpolation polynomials of order two or
more, are more appropriate. The accuracy of the calculations
can be improved by applying what is known as the r-method
-modifying the positions of the nodes without changing its total
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3.1 description of the finite element method
number-. This way, the fidelity between the interpolated function
and the real solution can increase because the position of the
nodes is optimized to make them coincide as much as possible for
a fixed order in the polynomial. In an alternative approach, the
h-method, an increase on the number of nodes is applied. A draw-
back of this method is that increasing the number of elements
will inevitably increase the effort needed to solve the problem
due to the increase of the input data. When the improvement of
accuracy is achieved by increasing the order of the polynomials
then the method receives the name of p-method.
The polynomial interpolation function of order m in a three-
dimensional finite elements problem has the following general
expression:1
φ (x, y, z) = α1 + α2x + α3y + α4z + α5x2
+ α6y2 + α7z2 + α8xy + α9yz + α10zx + · · ·+ αnzm (3.1)
where αi are the coefficients of the polynomial, or generalized
coordinates, and the minimum number of coefficients in the
polynomial, n, is given by
n =
m+1
∑
j=1
j (m + 2− j) (3.2)
The number of boundary nodes will increase (although the
shape of the element may remain unchanged) as the order of the
polynomial is increased for a fixed dimension as shown in the
above equation. Eventually, internal nodes may appear inside the
elements.
3.1.4 Approximated solution in terms of the nodal degrees of freedom
The number of boundary nodes in an element must coincide
with the number of coefficients in the interpolating polynomial
in order to obtain a unique solution from that system of equations.
1 The polynomials used to represent the approximated field must be complete,
i.e., all the coefficients, from the constant term up to the highest order coefficient,
must be contained in φ.
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The shape of the element must also be uniquely determined by
the location of the nodes. For example, the number of coefficients
for a linear approximation of the interpolation function (m = 1) is
n = 4,2 therefore, the number of nodes of the element in a three-
dimensional space must be four. The geometry that fulfils the
condition of having such number of nodes while being uniquely
determined is the tetrahedron (Figure 3.2).
When treating the problem as a whole, FEM sets the values
of the field at the nodal points for a given element, φ(e)i
3 (also
known as nodal degrees of freedom), as the unknowns of a
system of equations. That is, the interpolation function needs to
be expressed as a function of the nodal degrees of freedom,
φ(e) (x, y, z) = f
(
φ
(e)
i , x, y, z
)
(3.3)
Once the system of equations is solved and the value of the
nodal degrees of freedom is found, the complete form of the
interpolating functions is unveiled. We can then determine the
solution within an element and, by extension, we can found the
soultion for the complete body.
In the following sections we will describe the two most com-
monly used methods to determine the element-wise form of the
interpolating polynomial, i.e., the values of the coefficients of
the approximating solution in a given element. Those are based
in variational principles, the Rayleigh-Ritz method, and in a
weighted residual approach, the Galerkin method.
In order to obtain the expression that fulfills Equation 3.3 we
note that for a single node,
φ
(e)
i = α1 + α2xi + α3yi + α4zi + · · ·+ αnzmi = ~ξTi ~α (3.4)
2 We haven’t considered bilinear terms from Equation 3.1 for simplicity. Other-
wise, the number of nodes of the elements would be higher.
3 The index i = 1, 2, 3, . . . identifies a node in a given element.
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where xi, yi and zi are the coordinates for i − th node (from a
total of n nodes) at the e element and
~ξTi =
(
1 xi yi · · · zmi
)
~α =

α1
α2
...
αn
 (3.5)
Extending to all the nodes from a single element the above
expression yields,
~Φ(e) =

φ
(e)
1
φ
(e)
2
...
φ
(e)
n
 =

~ξT1
~ξT2
...
~ξTn
~α = ξ~α (3.6)
where φ(e)i are the nodal values of the field variable at the i− th
node from element e and ξ is a n× n square matrix. The vector
of coefficients, ~α, can then be expressed in terms of the nodal
values contained within ~Φ(e),
~α = ξ−1~Φ(e) (3.7)
Substituting Equation3.7 in Equation 3.4 gives,
φ(e) = ~ξTξ−1~Φ(e) =M~Φ(e) (3.8)
whereM is a matrix of shape functions that contains the coordi-
nates of the problem. This formula gives us the expression of the
interpolating polynomial inside a finite element in terms of the
nodal values of the field.
3.2 derivation of finite element equations using a
variational principle
A problem formulated according to FEM can be solved by means
of a variational principle, that is, the extremization of a functional
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that is dependent on the function we want to find, in our case, the
interpolating polynomials φe. This method has been extensively
used in physics and engineering problems formulated in varia-
tional form. Finite element analysis is taken as an approximation
method to solve variational problems and will allow to derive
the finite element equations.
3.2.1 Calculus of Variations
The idea behind a variational calculus method is to find the
function φ that makes a functional I (φ)4 an extreme or stationary
value. In the particular case of a function depending on three
independent variables (three-dimensional problem), φ (x, y, z),
and its partial derivatives, the functional I in a given domain Ω
would be,
I =
∫
Ω
F
(
x, y, z, φ, φx, φy, φz
)
dΩ (3.9)
where φi =
∂φ
∂i and the extreme or stationary value conditions
would be imposed as,
δI =
∫
Ω
δF
(
x, y, z, φ, φx, φy, φz
)
dΩ = 0 (3.10)
where δ is the variational operator,
δF =
∂F
∂x
δx +
∂F
∂y
δy +
∂F
∂z
δz
+
∂F
∂φ
δφ+
∂F
∂φx
δφx +
∂F
∂φy
δφy +
∂F
∂φz
δφz (3.11)
In order to find a solution to the problem of finding the
extremes (maxima or minima) of the functional, we apply δ
to the definition of I imposing that the variation in φ (x, y, z),
4 In some physical phenomena, the functional I can have a physical meaning.
For instance, when an elastic bar is subjected to a load, the process of I
extremization corresponds to the problem of minimizing the potential energy
of an elastic body. The field variables φ may then represent the displacement
of the nodes inside the bar from which the internal stresses can be calculated.
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δφ, is measured for constant values of the variables x, y, z, i.e.,
δx = δy = δz = 0. With the above considerations, the variation
in I imposing the boundary domain (boundary conditions of the
problem) as the limits of the integral yields,
δI =
∫
Ω
(
∂F
∂φ
δφ+
∂F
∂φx
δφx +
∂F
∂φy
δφy +
∂F
∂φz
δφz
)
dΩ = 0 (3.12)
Integrating Equation 3.12 by parts and applying the divergence
theorem we obtain,
δI =
∮
S
[
3
∑
i=1
∂F
∂φxi
cos (θxi)
]
δφdS
+
∫
Ω
[
∂F
∂φ
−
3
∑
i=1
∂
∂xi
(
∂F
∂φxi
)]
δφdΩ = 0 (3.13)
where
∮
S is the surface integral across the closed surface S defined
by the volume Ω, xi = x, y, z for i = 1, 2, 3, respectively, and θxi is
the angle between the normal to the outer S surface with respect
to the xi axis. This is a generalized formula that arises in a wide
variety of problems in engineering and science.
3.2.2 Derivation of finite element equations using the Rayleigh-Ritz
method
The approximated field variables can be solved in the context
of finite element method by taking into account that the func-
tional for the complete domain can be written as the sum of the
individual contributions from each element in the domain,
I =
E
∑
e=1
I(e) (3.14)
where E is the total number of elements in the domain. Applying
the extremization condition to the resulting functional I yields,
∂I
∂Φi
=
E
∑
e=1
∂I(e)
∂Φi
= 0, i = 1, 2, ..., N (3.15)
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where N is the total number of nodes in the domain. Note how
the functional for a given element depends on the field variable
(I
(
φ(e)
)
) and this, in turn, can be expressed in terms of the nodal
unknowns as
φ(e) =M~Φ(e) (3.16)
To move further in the expression of the solution for the system
of equations we would need to know the explicit form of the
functional in a particular problem. However, for the case in which
I depends quadratically on φ(e), the element equations can be
generally written as,5
∂I(e)
∂~Φ(e)
= K(e)~Φ(e) − ~P(e) (3.17)
where K(e) and ~P(e) are the characteristic matrix and characteristic
vector for an element. Solving the full system of equations for
the entire domain requires to assemble the element matrices and
vectors of each element contained in the domain. The assembling
process will be described in Section 3.4.
3.3 derivation of finite element equations using a
weighted residual method
An additional approximate method to derive the finite element
equations is the weighted residual method. This method that can
be used to directly solve the governing differential equations of
the form,
F (φ˜) = C (~x) , in Ω (3.18)
where ~x is a position vector, F is a differential operator and C is
a source term that depends on the position inside the domain
Ω and, in transient problems, it depends on time as well. By
5 Section 3.5.2 along Appendix 1 gives further details about why finite element
equations can be reduced to this matricial form.
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approximating φ˜ to a solution in the form of an expansion of
basis functions ϕi
φ =
n
∑
i=1
ai (t) ϕi (~x) (3.19)
a residual R can be defined as the deviation from the correct
solution,
R (~x, t) = F (φ (~x, t))− C (~x, t) (3.20)
Hence, the objective in the weighted residual method is to find
the approximate function φ, i.e., the set of ai coefficients, that
makes the weighted integral
∫
Ω
R (~x, t)wi (~x) dΩ = 0 (3.21)
where, i = 1, 2, ..., n and wi are weight functions. {wi} has to be
linearly independent so that the set of equations provided by
Equation 3.21 are linearly independent and therefore solvable.
3.3.1 Derivation of finite element equations using the Galerkin Method
According to the Galerkin method, the weighted integral
∫
Ω
R (~x, t)wi (~x) dΩ = 0 (3.22)
is chosen so that the weighting functions are the basis functions
from the approximate solution, wi (~x) = ϕi (~x).
To apply the Galerkin method in a finite element method
context will require us to notice that the governing differential
equation from Equation 3.18 is applicable over the entire domain
of our problem, hence, it is also valid for any arbitrary subdomain
like the one defined by any given element defined after the
discretization step in a FEM problem. The procedure of applying
an approximate solution through Equation 3.19 is analogous
to the use of an interpolation model for the field variable in a
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finite element, Equation 3.8, where the nodal unknowns, ~Φ(e)i ,
and shape function, Mi; can be seen as the unknowns, ai, and
the basis functions, ϕi (~x), respectively. We are assuming that
the interpolation polynomials can be alternatively expressed in
terms of the shape function and nodes unknowns at each node
for a given element as
φ(e) =∑
i
Mi~Φ(e) (3.23)
The expression of Equation 3.22 for a single finite element is
then,
∫
Ω(e)
[
F
(
φ(e) (~x, t)
)
− C(e) (~x, t)
]
MidΩ(e) = 0 (3.24)
where i is the node index for a given element, i = 1, 2, ..., n.
Equation 3.24 gives the finite element equations for a single
element. Assuming a quadratic variation of the field variables
with respect the coordinates of the problem, Equation 3.24 can
be written in the form
K(e)~Φ(e) = ~P(e) (3.25)
As required in the finite element equations determination using
the Rayleigh-Ritz method, these element matrices and vectors
also need to be assembled in order to obtain the full system of
equations for the entire domain.
3.4 assembly of element matrices and vectors and
setting boundary conditions
3.4.1 Local to global coordinate system transformation
Field variables in a given element are commonly referred to a
unique coordinate system linked to that element. The orienta-
tion of these frames of reference generally varies between each
element and throughout the whole domain6. Hence, the global
6 The coordinate systems are individually oriented at each element with a view
to reduce the computational effort.
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setting boundary conditions
description of the simulation domain is expressed in terms of a
plethora of systems of reference; it is essential to transform the
elemental matrices and vectors, expressed in a set of local coor-
dinate systems, and refer them to a global frame of reference so
that the finite element equations can be assembled into a global
set of equations.
If the element equations in a local reference frame are ex-
pressed as
K(e)~Φ(e) = ~P(e) (3.26)
the objective of a local to global coordinate system transformation
is to find the same set of equations in a global reference frame
from which the rest of element equations are defined. The trans-
formation matrix is hence element-wise defined. If such matrix
exists, the transformation of the vectors of nodal unknowns and
characteristic vector from a global to a local coordinate system
can be expressed through a transformation matrix as
~Φ(e) = T(e)~Φ
(e)
(3.27)
and
~P(e) = T(e)~P
(e)
(3.28)
where ~Φ
(e)
and ~P
(e)
are the vector of nodal unknowns expressed
in the global coordinate system. By substituting Equations 3.27
and 3.28 into Equation 3.26 we obtain
K(e)T(e)~Φ
(e)
= T(e)~P
(e)
(3.29)
The transformation for the element characteristic matrix is then
K(e) = T(e)K(e)T(e)−1 (3.30)
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3.4.2 Assembly of element characteristic matrices and vectors
The assemblage of element characteristic matrices and vectors
into a single global characteristic matrix and vector requires the
setting of a new N×N and N× 1 expanded characteristic matrix
and characteristic vector where N is the total number of nodal de-
grees of freedom in the domain. These new global characteristics
will contain the coefficients of the element matrices and vectors,
which are assumed to be expressed in a global coordinate system.
The position that the coefficients of the element characteristic
matrix (K(e)) occupy in the expanded matrix is univocally de-
termined by the global degree of freedom indexing. That is, for
a given element expressed in the global coordinate system, we
have
K(e)ij
n×n
Φ
(e)
j
n×1
= P(e)i
n×1
(3.31)
where n is the number of nodal degrees of freedom in element e
and the indexes i and j run from 1 to n. For each Φ(e)j we have a
corresponding nodal unknown at the node i in the global system
of coordinates, Φj, where the index j has a direct correspondence
with the local degrees of freedom Φ(e)j . From now on, it will be
helpful to consider a particular example to illustrate the assembly
procedure.
Figure 3.3 shows a two one-dimensional element disposition.
The elements are joined at one node and each node possesses
two degrees of freedom that are represented in a local and global
frame of reference.
Expressing the node unknowns in a global coordinates system
takes into account the coincidence or overlapping of nodes from
adjacent elements in the domain; the values of the unknown field
variables in a given node are the same regardless of the adjacent
elements they are referred to. Notice how the numbering in the
global coordinates system avoids the repetition of the index j in
Φj between each element; while the characteristic matrix K
(1,2)
ij
has a dimension of 4 × 4 (4 corresponds to the total degrees
of freedom in an element (2 nodes× 2 DOF)), the characteristic
matrix in the global coordinates basis will have a dimension of
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Figure 3.3: Two one-dimensional elements connected at one node. Each
element contains two nodes with two degrees of freedom
each. The nodes are numbered locally from one to two and,
globally, from one to three (circled numbers). Φ(e)i represents
the nodal unknown for element e and degree of freedom i
in the local system of coordinates. Φi is the nodal unknown
for the degree of freedom i in the global coordinates system,
SGlobal . Because one of the nodes coexists in each element,
the nodal unknowns in the local frame of reference coincide
in that node.
6× 6. The characteristic matrix for element 1 can be written in
the local basis as
K(1)ij =

K(1)11 K
(1)
12 K
(1)
13 K
(1)
14
K(1)21 K
(1)
22 K
(1)
23 K
(1)
24
K(1)31 K
(1)
32 K
(1)
33 K
(1)
34
K(1)41 K
(1)
42 K
(1)
43 K
(1)
44

The same matrix in the global basis would be
K(1)ij =

1 2 3 4 5 6
1 K(1)11 K
(1)
12 K
(1)
13 K
(1)
14
2 K(1)21 K
(1)
22 K
(1)
23 K
(1)
24
3
4
5 K(1)31 K
(1)
32 K
(1)
33 K
(1)
34
6 K(1)41 K
(1)
42 K
(1)
43 K
(1)
44

Equivalently, the characteristic vector is
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P(1)i =

P(1)1
P(1)2
P(1)3
P(1)4

The position of the coefficients of P(1)i in the global basis is
P(1)i =

1 P(1)1
2 P(1)2
3
4
5 P(1)3
6 P(1)4

When we analyze the coefficients of the characteristic matrix of
element 2 is when we start to notice how the assembling process
treats the data in the context of a global coordinate system as
the characteristic matrix gradually absorbs more coefficients and
gets bigger. The coexistence of multiple nodal unknowns in a
single node is manifested by the fact that the K(e)ij coefficients
are positioned at the same locations in the global characteristic
matrix and added up.
The characteristic matrix for the second element is
K(2)ij =

K(2)11 K
(2)
12 K
(2)
13 K
(2)
14
K(2)21 K
(2)
22 K
(2)
23 K
(2)
24
K(2)31 K
(2)
32 K
(2)
33 K
(2)
34
K(2)41 K
(2)
42 K
(2)
43 K
(2)
44

In the global matrix we have
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3.4 assembly of element matrices and vectors and
setting boundary conditions
K(2)ij =

1 2 3 4 5 6
1
2
3 K(2)33 K
(2)
34 K
(2)
31 K
(2)
32
4 K(2)43 K
(2)
44 K
(2)
41 K
(2)
42
5 K(2)13 K
(2)
14 K
(2)
11 K
(2)
12
6 K(2)23 K
(2)
24 K
(2)
21 K
(2)
22

The assembly of the characteristic matrices from elements 1
and 2 yields
K(1)ij + K
(2)
ij =
1 2 3 4 5 6
1 K(1)11 K
(1)
12 K
(1)
13 K
(1)
14
2 K(1)21 K
(1)
22 K
(1)
23 K
(1)
24
3 K(2)33 K
(2)
34 K
(2)
31 K
(2)
32
4 K(2)43 K
(2)
44 K
(2)
41 K
(2)
42
5 K(1)31 K
(1)
32 K
(2)
13 K
(2)
14 K
(1)
33 + K
(2)
11 K
(1)
34 + K
(2)
12
6 K(1)41 K
(1)
42 K
(2)
23 K
(2)
24 K
(1)
43 + K
(2)
21 K
(1)
44 + K
(2)
22

The assembly between characteristic vectors from element 1
and element 2 (not shown) is
P(1)i + P
(2)
i =

1 P(1)1
2 P(1)2
3 P(2)3
4 P(2)4
5 P(1)3 + P
(2)
1
6 P(1)4 + P
(2)
2

The assembly of additional elements leads to the growth of
the characteristic matrix and characteristic vector. At the end of
the assembling process the overall system of equations can be
written as
K
N×N
Φ˜
N×1
= P
N×1
(3.32)
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where K and P are the resulting assembled characteristic matrix
and characteristic vector, Φ˜ the vector of nodal unknowns and N
is the total number of nodal degrees of freedom.
3.4.3 Setting boundary conditions
A direct approach to solve Equation 3.32, to isolate Φ˜, would not
work because the matrix K is singular and hence non-invertible.
Prior to any solving step, the values of the nodal degrees of
freedom need to be specified in the form of geometric bound-
ary conditions that will limit the evolution of the physics of the
problem in contrast to an unconstrained system, where the field
variables can take any arbitrary value if the system is not properly
bounded. In order to introduce a geometric boundary condition
in Equation 3.32, some unknowns from Φ˜ (those that correspond
to the nodes, through matrix K, to which the boundary condi-
tions are applied) are given a fixed value, Φξ = C. Geometric
boundary conditions (also named forced or essential boundary con-
ditions) are the only required conditions to be satisfied to solve a
set of differential equations.
The starting point to incorporate a set of boundary conditions
to Equation 3.32 is the progressive simplification of the matrix
K by introducing trivial equations through the known nodal
field values corresponding to the boundary conditions, i.e., the
starting point is (Equation 3.32)

K11 K12 · · · K1n · · · K1N
K21 K22 · · · K2n · · · K2N
...
...
. . .
...
. . .
...
Kn1 Kn2 · · · Knn · · · KnN
...
...
. . .
...
. . .
...
KN1 KN2 · · · KNn · · · KNN


Φ˜1
Φ˜2
...
Φ˜n
...
Φ˜N

=

P1
P2
...
Pn+1
...
PN

where Φ˜i for i = 1, . . . , n are assumed to be the set of prescribed
(known) nodal values, whereas Pi for i = n + 1, . . . , N are the
known coefficients of the characteristic vector (or vector of nodal
actions). We proceed by eliminating the first row in matrix K.
This can be achieved by redefining vector P, i.e.,
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3.4 assembly of element matrices and vectors and
setting boundary conditions

0 K12 · · · K1N
...
...
. . .
...
0 KN2 · · · KNN


Φ˜1
...
Φ˜N
 =

P1 −K11Φ˜1
...
PN −KN1Φ˜1

The first row in matrix K can be substituted by a trivial equa-
tion. We take advantage of the fact that the values of Φ˜i for
i = 1, . . . , n are known to write

1 0 · · · 0
0 K22 · · · K2N
...
...
. . .
...
0 KN2 · · · KNN


Φ˜1
...
Φ˜N
 =

Φ˜1
P2 −K21Φ˜1
...
PN −KN1Φ˜1

Repeating this process for the whole prescribed nodal degrees
of freedom, n in total, gives

0 · · · 0
In×n
...
. . .
...
0 · · · 0
Kn+1n+1 · · · Kn+1N
0(N−n+1)×n
...
. . .
...
KNn · · · KNN


Φ˜1
Φ˜2
...
Φ˜n+1
...
Φ˜N

=

Φ˜1
...
Φ˜n
Pn+1−
n
∑
j=1
Kn+1jΦ˜j
...
PN−
n
∑
j=1
KNjΦ˜j

Since the coefficients of the modified characteristic nodal vec-
tors are all known (they are specified by the boundary conditions),
nodal unknowns Φ˜i for i = n + 1, . . . , N can be determined.
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3.5 application of fem to fluid mechanics
In this section we discuss about the adaptation of finite element
formulation for its use in fluid dynamics governing equations. Al-
though FEM can be applied to any model involving fluid mechan-
ics, for simplicity, we will limit to the case of a three-dimensional
steady flow by way of example of a typical solving procedure.
We will exclude any form of exotic fluid (non-newtonian or
viscoelastic fluids for instance) and flow behavior other than
laminar (non-turbulent flow) in our discussion and limit to the
more common cases of viscous, incompressible Newtonian fluids.
3.5.1 Navier-Stokes equations and continuity equation
The Navier-Stokes equations are a set of differential equations
that describe the motion of fluids. Depending on the nature
of the fluid (compressible, incompressible, viscous or inviscid)
the form of the terms contained within these equations may be
different so that the overall form of the equations may change.
The Navier-Stokes equations for a viscous incompressible fluid
with no external source is
ρ
∂~v
∂t
+ ρ (~v∇)~v = −∇p + µ∇2~v (3.33)
The continuity equation arises as a requirement for the conser-
vation of mass in an incompressible fluid as,
∇~v = 0 (3.34)
3.5.2 Derivation of finite element equations using the Galerkin Method
For the moment, it will be more convenient to discard the convec-
tion terms of the Navier-Stokes equations, (~v∇)~v, before trying
to solve the system by applying the Galerkin method. The full
governing equations will be solved at a later stage by means of
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3.5 application of fem to fluid mechanics
an iterative procedure once the solution for the resulting simpli-
fied governing equations (Stokes equations) are found. Keeping
this in mind and, assuming a stationary flow ( ∂~v∂t = 0), the com-
ponentwise expression of the Navier-Stokes equations and the
continuity equation are
x : µ
(
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2
)
− ∂p
∂x
= 0 (3.35)
y : µ
(
∂2v
∂x2
+
∂2v
∂y2
+
∂2v
∂z2
)
− ∂p
∂y
= 0 (3.36)
z : µ
(
∂2w
∂x2
+
∂2w
∂y2
+
∂2w
∂z2
)
− ∂p
∂z
= 0 (3.37)
∂u
∂x
+
∂v
∂y
+
∂w
∂z
= 0 (3.38)
In the finite element formulation, the degrees of freedom inside
an element (the pressure p and velocity components ~v = (u, v, w))
are approximated by a set of interpolating functions and assumed
to vary inside each element as (Equation 3.8)
p(e) (x, y) =Mp (x, y) ~˜P(e) =∑
i
Mpi (x, y) P˜(e)i (3.39)
u(e) (x, y) =Mu (x, y) ~U(e) =∑
i
Mui (x, y)U(e)i (3.40)
v(e) (x, y) =Mv (x, y) ~V(e) =∑
i
Mvi (x, y)V(e)i (3.41)
w(e) (x, y) =Mw (x, y) ~W(e) =∑
i
Mwi (x, y)W(e)i (3.42)
where the summation index i runs for all the nodes of an element,
Mp, Mu, Mv and Mw are the shape functions containing the
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x, y and z coordinates from the interpolating functions and ~˜P(e),
~U(e), ~V(e) and ~W(e) are the nodal values of the field variables
(pressure and velocity values at the nodes of the element e).
By virtue of the Galerkin method, for a single node, i, in a
three-dimensional pressure-velocity formulation we have a total
number of three degrees of freedom for the velocity components
whose weighted residual integral for its corresponding element
can be generally written as
∫
V(e)
µ
∂2χ(e)j
∂x2
+
∂2χ
(e)
j
∂y2
+
∂2χ
(e)
j
∂z2

−∂p
(e)
∂xj
]
Mχji dV(e) = 0 (3.43)
where i = 1, 2, ..., n, j = 1, 2, 3, χ1 = u, χ2 = v and χ3 = w. For
instance, the explicit form of Equation 3.43 for Equation 3.35 is
∫
V(e)
[
µ
(
∂2u(e)
∂x2
+
∂2u(e)
∂y2
+
∂2u(e)
∂z2
)
− ∂p
(e)
∂x
]
Mui dV(e) = 0
(3.44)
Integrating Equation 3.44 by parts and applying the divergence
theorem give
∫
V(e)
[
−∂M
u
i
∂x
p(e) + µ
3
∑
k=1
∂Mui
∂xk
∂u(e)
∂xk
]
dV(e)
+
∫
S(e)
Mui p(e) cos (θx) dS
−
∫
S(e)
µMui
3
∑
k=1
∂u(e)
∂xk
cos (θxk) dS = 0 (3.45)
Substituting Equations 3.39 and 3.40 into Equation 3.45 we
obtain
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3.5 application of fem to fluid mechanics
∫
V(e)
[
−∂M
u
i
∂x
Mp (x, y) ~˜P(e) + µ
3
∑
k=1
∂Mui
∂xk
∂Mu
∂xk
~U(e)
]
dV(e)
+
∫
S(e)
MuiMp (x, y) ~˜P(e) cos (θx) dS
−
∫
S(e)
µMui
(
∂Mu
∂x
cos (θx) +
∂Mu
∂y
cos
(
θy
)
+
∂Mu
∂z
cos (θz)
)
~U(e)dS = 0 (3.46)
where x1 = x, x2 = y and x3 = z.
The corresponding element expressions for Equations 3.36 and
3.37 are equivalent to Equation 3.46. The equation corresponding
to the continuity equation (Equation 3.38) using the last weight
function,Mpi , is
∫
V(e)
Mpi
∂Mu
∂x
~U(e)dV(e) +
∫
V(e)
Mpi
∂Mv
∂y
~V(e)dV(e)
+
∫
V(e)
Mpi
∂Mw
∂z
~W(e)dV(e) = 0 (3.47)
By taking an approximation polynomial that varies quadrati-
cally for the velocity and linearly for the pressure, the element
equations for these variables can be written in the form
K(e)~Φ(e) = ~P(e) (3.48)
where K(e) and ~P(e) are the element’s characteristic matrix and
characteristic vector, respectively, and ~Φ(e) is a vector containing
the element nodal values of the field variables (velocity compo-
nents and pressure). The form of the matrices’ coefficients from
Equation 3.48 is shown in Appendix 1. Equations for the over-
all domain are obtained after assembling element matrices and
vectors from Equation 3.48.
3.5.3 Extending the solving procedure to the full Navier-Stokes equa-
tions
The omission of inertial terms in the Navier-Stokes equations
precludes the emergence of unique physical phenomena (i.e.,
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(a) (b)
Figure 3.4: (a) Zenithal view of a 3d simulation domain of a curved
channel. Periodic flow conditions are applied at the inlet
and the outlet so that the simulation solves the stationary
flow field. The pressure difference between the inlet and the
outlet is 400 Pa. Field variables will be represented at the
section of the channel marked with a red line; (b) Simulation
of a Stokes flow ((~v∇)~v = 0) in the 3d domain of Figure
3.4(a). The channel has a width of 100 µm and height of
73 µm. The arrows represent the transverse flow field. The
measured flow rate is ∼ 109 µL/min.
Dean flows and inertial migration of particles) in the solutions of
a fluid dynamics simulation. In order to preserve these effects in
a finite element simulation, inertial terms have to be taken into
account when solving the governing equations (Figure 3.4 and
Figure 3.5).
The iterative procedure used to solve the full Navier-Stokes
equations mentioned in section 3.5.2 will consist in substituting
the velocity parameters in the convective term by an approximate
solution; the first value in the iteration will be the solution for
the Stokes flow. If ~v = (u, v, w) is the fluid’s velocity field, the
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3.5 application of fem to fluid mechanics
Figure 3.5: Simulation of a flow in the domain from Figure 3.4(a) (red
line section) where the full Navier-Stokes equations are
taken as the governing equations. The transverse flow (Dean
flow) is clearly developed. The incorporation of the inertial
terms in the Navier-Stokes equations allows to observe the
transverse flows, whereas in a Stokes flow we can only see
noise when the transverse flow field is represented in a
section of the channel (the scale of the arrows from Figure
3.4(b) has been reduced 20 times in this representation). The
maximum of the flow modulus is slightly displaced out-
wards (away from the center of curvature) when compared
with the Stokes flow. The emergence of Dean flows also
reduces the flow rate in the channel for a constant pressure
difference; the obtained flow rate for a pressure difference
of ∆p = 400 Pa is 100 µL/min.
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inertial term of the Navier-Stokes equations can be expressed
with an approximate solution ~vn as
(~vn∇)~v =

x : un ∂u∂x + vn
∂u
∂y + wn
∂u
∂z
y : un ∂v∂x + vn
∂v
∂y + wn
∂v
∂z
z : un ∂w∂x + vn
∂w
∂y + wn
∂w
∂z
(3.49)
The Galerkin method is then applied iteratively and the ap-
proximate solution is updated at each step. Equation 3.44 with
included inertial terms would then be
∫
V(e)
[
µ
(
∂2u(e)
∂x2
+
∂2u(e)
∂y2
+
∂2u(e)
∂z2
)
− ∂p
(e)
∂x
−ρ
(
u(e)n
∂u(e)
∂x
+ v(e)n
∂u(e)
∂y
+ w(e)n
∂u(e)
∂z
)]
Mui dV(e) = 0
(3.50)
Integrating Equation 3.50 by parts, except the terms containing
un, vn and wn, allows to get element equations of the same form
as Equation 3.48 while only the element characteristic matrix K(e)
is modified (which now depends on un, vn and wn).
Following this iterative procedure, new nodal values are found
after each iteration step (~Φ(e)n → ~Φ(e)n+1). The new values are
then incorporated in the element equations and the system of
equations is solved again. The iterative process is finished after
checking that the difference between two consecutive solutions
lies below a given threshold.
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4
M I C R O F L U I D I C D E V I C E W I T H D UA L - C H A N N E L
F L U O R E S C E N C E A C Q U I S I T I O N F O R
Q UA N T I F I C AT I O N / I D E N T I F I C AT I O N O F
C A N C E R C E L L S
4.1 introduction
Microfluidic devices have emerged as a tool for low-cost solu-
tions for analytical challenges in environmental, industrial and
medical diagnoses. PDMS has been one of the most intensively
used polymers in microfluidics because its chemical and physical
properties make it possible to fabricate devices with useful func-
tionalities [1]. The minimal reagent requirements, its low cost of
production and automation make it an invaluable component for
current innovations in point-of-care diagnostics [2]. Optofluidic
devices can make use of light-scattering [3-7], surface-enhanced
Raman scattering [8-10], light-blocking [11] or fluorescence-based
methods. Notwithstanding the use of fluorescence requires the
sample to emit light intrinsically or upon conjugation with dyes
when excited with the appropriate source. In the case of cells,
fluorescent species can be coupled to molecules that recognize
specifically determined membrane receptors (i.e., antibodies or
aptamers) allowing high-throughput screening of complex sam-
ples [12,13].
Cell detection and quantification require the flow of individual
cells through the interrogation regions in the microfluidic chan-
nel. Various solutions have been proposed to avoid undesired
simultaneous multiple detections. For example, capture of light
from the interrogation zone can be limited to a confocal volume
[14]. Alternatively, single cell detection can be achieved by us-
ing narrow pumping areas restricting the illuminated volume.
This later can be easily realized by embedding optical fibers and
waveguides into microfluidic chips [15,16]. This method can be
combined with the hydrodynamic focusing of the flow to limit
the interrogation zone even more [17,18].
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4.1 introduction
The simplest description of a microfluidic chip with hydrody-
namic focusing capabilities is a cross-shaped channel structure.
The fluid containing the sample is injected into one of the chan-
nels, whereas a sacrificial fluid, or sheath flow, is injected at
the same time into the two adjacent channels to spatially limit
the width of the developed central laminar sample flow at the
T-junction. Due to the short timescales and the magnitude of the
diffusion rate in a typical experiment, the sheath and sample
flows do not seem to mix at all as the focused sample flow and
the adjacent sheath flows are driven together across the main
microfluidic channel. Hydrodynamic spatial confinement can
be extended vertically to further restrict sample flow in what is
known as 3D hydrodynamic focusing [19-24]. In an attempt to
improve the detection efficiency of fluorescent particle measure-
ments, many authors have proposed joining 3D focusing capabil-
ities and the portability of optical fibers in a single optofluidic
device [25,26]. Some authors have applied correlation analyses
to their data in order to improve the sensitivity of the microflu-
idic device without needing to use additional signal processing
filtering devices [27,28].
The detection of cultured cancer cell lines and, more specifi-
cally, the detection of CTC’s have been linked to key aspects of
early detection, diagnosis, prognosis and monitoring of cancer
[29-30]. HER2 (from human epidermal growth factor receptor
2) and EpCAM (from epithelial cell adhesion molecule) were
selected as cell membrane targets to recognize tumor cells of
HER2 positive breast cancer [31-32].
Herein, we describe a 3D flow focusing microfluidic device
with two interrogation regions that quantify the fluorescence in
cultured cell lines, upon complexation with fluorescence-tagged
antibodies, in test samples prepared in the laboratory. The effi-
ciency of the optofluidic platform is demonstrated by measuring
different ratios of cancer cell lines with specific antibody ex-
pression. This optofluidic system includes a setup designed to
simultaneously acquire the signals in the two interrogation re-
gions of the microfluidic chip. Both pumping and fluorescence
collection from cells are conducted with embedded optical fibers.
We exploit the advantages provided by integrated optical fibers
to make independent measurements in each interrogation region
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microfluidic device with dual-channel
fluorescence acquisition for
quantification/identification of cancer cells
and perform a correlation analysis without the need for external
apparatus (i.e., a microscope or a laser). The resulting device is
compact, portable, inexpensive and easy to produce, making it
valuable for point-of-care applications.
4.2 experimental setup and cell line preparation
4.2.1 Setup description
Given the need to incorporate optical fibers and the level of pre-
cision required to position them, we opted for photolithography
techniques to produce our microfluidic device. The photomask
used was a 4-inch chromium mask whose microfluidic chip pat-
tern was engraved using a submicron resolution UV lithography
laser (DWL 66 fs from Heidelberg Instruments GmbH, Heidel-
berg, Germany). Due to the height required to embed the optical
fibers, we opted to use a highly viscous photoresist (SU8-2150,
MicroChem Corp., Newton, MA, USA) to produce the 3-inch
Si wafer master. The width of the optical fiber grooves was set
during the photomask elaboration at 120 µm, 5 µm below the
diameter of the stripped optical fiber to ensure a proper grip
between the fiber cladding and the PDMS. Also, the spin-coating
process was adjusted to obtain an SU8 thickness of approximately
120 µm, which is the thickness required to obtain channels in the
PDMS that are deep enough to prevent fibers from protruding
too much and to keep them at a constant height from the fluidic
channel. Care was taken during the design of the photomask
so that, after the SU8 master had been fabricated, the channels
containing the pumping fibers and the collection fibers would
be aligned in such a way that the axis of the fibers would inter-
sect exactly in the middle of the microfluidic channel once they
had been positioned, at the intersection of the pumping beam of
light and the focused sample flow. Degassed PDMS (Sylgard 184
from Dow Corning Corp., Midland, Michigan, USA) was used
to replicate the structures of the molds. After curing, the PDMS
slabs were peeled and irreversibly bonded together by exposing
the surfaces to a RIE-generated oxygen plasma.
The chip consists of two PDMS slabs, which enable the sam-
ple flow to be 3D hydrodynamically focused and the cells to
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be optically detected in two interrogation zones (see Figure 4.1).
The upper level includes two channels, one of them for injecting
the sample flow into. The sheath flow is injected into the other
channel to focus the sample from above. As can be seen in Figure
4.2, the flow provided by these two channels goes to the lower
slab. The sample is further vertically focused from the bottom
using another channel located in the lower level slab. Lastly, a
T-junction arrangement located in the lower level is used to focus
the sample flow laterally. This slab also contains four groove
entrances located on both sides of the chip where optical fibers
will be inserted. The distance between each interrogation zone is
1 mm, and the width of the microfluidic channel is 100 µm, while
the depth of the channels was set bearing in mind the diameter
of the fibers at 125 µm. The two input single mode fibers (Custom
460HP optical fiber patch cable from Thorlabs Inc., Newton, NJ,
USA) of the microfluidic chip were oriented perpendicularly to
the microfluidic channel and are used for optical pumping. Typi-
cal pumping powers inside the microfluidic channel during the
measurement process were of the order of 10 mW, and the mode
field diameter of the fiber @473 nm was around 3.5 µm. We chose
single mode fibers to ensure that beam spot was small enough, of
the order of the size of the cells, to prevent multiple cell detection
in each interrogation zone. Fluorescence was collected in each
interrogation zone by means of two 62.5 µm core high numerical
aperture (NA = 0.275) multimode optical fibers, which make it
possible to acquire an uninterrupted fluorescence signal as the
cells move through the pumping region. Each collecting fiber
was located on the other side of the microfluidic channel at 45°,
so that no pumping light was captured. To ensure proper illu-
mination by the pumping fiber and a clean diverging Gaussian
beam in the interrogation zone, the fibers were cleaved and later
observed under the microscope to confirm that the face of the
fiber had been cleanly cut before they were inserted by hand into
the groove entrances located on both sides of the chip. Likewise,
flat and homogeneous fiber cleaves guaranteed optimal light
harvesting for the collection fibers. Each groove end was wetted
with a droplet of ethanol which entered the groove by capillarity.
This reduced the friction and helped during the process of fiber
insertion.
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Figure 4.1: ESEM image of the lower PDMS slab exposing the T-junction,
where lateral focusing takes place, and the two interrogation
zones each comprising one pumping fiber, perpendicularly
oriented to the fluidic channel, and a collecting fiber ori-
ented at 45◦. The right part depicts the sample input channel
(C), the sheath flow channels for vertical (v1, v2) and lateral
(h1, h2) focusing and the outlet (O)
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Figure 4.2: (Left) Render to illustrate the different stages of the hydro-
dynamic focusing and the optical pumping applied to the
cells. To better understand the flow behavior, the sample
flow (containing yellow spheres representing cells) is high-
lighted in red and the sheath flow has been removed at both
interrogation regions to expose the focused stream. (Right)
Upper and side views of the render with all the channels in-
volved in the 3D focusing. The arrows indicate the direction
of the flow. In the top view, horizontal focusing at the junc-
tion of H1 and H2 channels is illustrated. In the side view,
the two-level scheme of the fluidic channels can be seen. In
the upper level, V1 and C channel sections are exposed. The
arrows in these channels indicate how the flow is forced
to move downwards since V1 and C are connected to the
lower level channel. V1 (from the upper level), working in
conjunction with V2 (from the lower level), focuses vertically
the flow from C channel (in red). H1 and H2 sections in
this view are highlighted with a dashed square. The flow
containing cells is then successively (1) vertically focused
and (2) horizontally focused producing a focused stream
surrounded by a sheath flow.
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A single laser diode (06-01 Series from Cobolt AB, Solna, Swe-
den) with an integrated FC/PC optical fiber coupler mated to a
1× 2 single mode fiber splitter with a splitting ratio of 50% @473
nm (FC488-50B-APC-1 from Thorlabs Inc., Newton, NJ, USA)
was used to pump the interrogation zones.
The two output fluorescence collection multimode patch fibers
of the microfluidic chip were directly connected to two photo-
multiplier tubes (R928 from Hamamatsu Photonics, Hamamatsu
City, Shizuoka, Japan), each of which was individually enclosed
in an aluminum housing (PXT1/M from Thorlabs Inc., Newton,
NJ, USA). A set of filters—500 nm cutoff wavelength long-pass
filters FELH0500 from Thorlabs and band-pass filters 86–988 and
33–330 from Edmund Optics (Edmund Optics Ltd, Nether Pop-
pleton, York, UK)— were included. They eliminate the pumping
and allow the transmission of the red and green light coming
from the first and second interrogation zones, respectively. A TDS
1012B from Tektronix (Tektronix Inc., Oregon, USA) and a data
acquisition card (NI USB-6212 BNC from National Instruments
Inc., Austin, TX, USA) were used to visualize and acquire the
signal data from both channels.
Observing the microfluidic chip under an inverted microscope
(IN480TC-FL from AMScope Inc., Irvine, CA, USA) yielded a
clear image of the focusing of the sample fluid and ensured a
proper alignment with the pumping light during the measure-
ment process. Five independent channels needed to be controlled
to obtain an adjustable hydrodynamically focused flow of the
sample. Two pressure controllers (OB1- mk3 from Elveflow, Paris,
France) were used for this purpose allowing pressures ranging
from 0 to 200 mbar (in steps of 0.1 mbar) to be applied indepen-
dently at each microfluidic inputs. We included a setup figure
(Figure 9.1) in Appendix 2.
The independent treatment of the input flow made it possible
not only to adjust the area of the central focused flow stream,
but also to position the focused zone within the microfluidic
channel with respect to the microchannel walls and the pumping
light beam. As an example, Figure 4.3 shows frame captures of a
video demonstrating 3D focusing on the first interrogation zone.
To check the sensitivity of the method, we fixed the pressure
distribution over all the inputs except the ones dedicated to
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Figure 4.3: Control of the vertical position of the 3D focused stream
for different applied pressures at the channels devoted to
vertical focusing, V1 and V2.
vertical focusing. A scattered blue light path was visible in the
focused sample stream only when the stream intersected the
pumping beam (frames 1, 2, 5 and 6). As soon as the height of
the focused sample was increased or decreased, the light path
disappeared (frames 3 and 4). The divergence of the beam is
shown as it scatters while propagating through the PDMS.
4.2.2 Cell line preparation
To test the performance of the device, we selected two cell lines:
AU-565 cancer cells derived from mammary breast expressing
HER2 and EpCAM receptors and RAMOS, HER2 and EpCAM
negative, obtained from the American Tissue Culture Collec-
tion (ATCC). The cells were cultured in RPMI media supple-
mented with 10% fetal bovine serum, at 37° in a 5% CO2 atmo-
sphere. Accordingly, to identify the positive cells we employed
anti-HER2 and anti-EpCAM antibodies, labeled with fluores-
cein isothiocyanate (FITC, with green 532 nm emission) and
peridinin-chlorophyllprotein cyanin-5.5 (PerCP/Cy5.5, red 676
nm emission), respectively (from Abcam plc, Cambridge, UK) as
described in Pedrol et al. (2017). These fluorescent reporters were
chosen based on their absorption properties in the blue spectral
range, which fit perfectly with the laser excitation wavelength
(473 nm), and their well-separated emission bands in the visible
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range. Absorption/emission spectra lines of the used dyes have
been added in Section 9.2 in Appendix 2 (Figure 9.2). The abil-
ity of the optofluidic chip to detect fluorescentstained cells was
tested on samples consisting of AU-565 (+) mixed with RAMOS
(-) cells at different ratios (1:1, 1:10, 1:100 and 1:1000).
4.3 results and discussion
4.3.1 Peak pairing algorithm
The raw experimental data consisted of two voltage versus time
series detected by both photomultiplier tubes (PMT) and stored
by the data acquisition software. A cell flowing inside the mi-
crofluidic chip will eventually cross an interrogation zone, and
its fluorescence (or autofluorescence) signal will, ideally, be de-
tected by both PMT’s as the cell passes through both interrogation
zones. This event is represented as a peak in each of the two
files for each of the interrogation zones when plotted. If a cell is
detected (a signal is simultaneously detected in the red and green
channels), there must be some redundancy in the data obtained
because both interrogation zones are assumed to be exact copies
of each other and the fluorescence harvesting process is the same
in each pumping volume (the data files for each channel must
express some degree of similarity when a correlation analysis is
applied). To automatically consider two given peaks from signals
proceeding from different channels as peaks associated with the
same cell, the following steps are taken. First, the shift between
the red and green channel signals is measured using a correla-
tion measurement (Figure 4.4). Of the two signals, the one in
the downstream detection area is delayed an amount ∆t = D/u,
where D is the separation between detection zones (1 mm) and
u is the velocity of the cell. However, both signals show a good
correlation due to the laminar behavior of the flow that imposes
that each particle that passes through the first area will likely
cross the second interrogation zone.
Cross-correlogram from Figure 4.4 reveals a well-defined peak
at ∆t = −0.00108 s, indicating that the mean velocity of the cells
is u = 926mm/s. Cross-correlation gives quite a precise measure-
ment (error < 1%) of the velocity of the flow and enables the
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passing of the particles in both zones to be accurately compared.
The simultaneous analysis of both signals reduces the effect of
the noise in the signals and is a robust method for counting cells
in very noisy situations. The pairing algorithm then performs a
primary peak detection in the signals from both channels, which
provides a list of their temporal positions as well as their ampli-
tude value. A one-to-one peak association between both channels
is then applied by pairing every peak location in the first channel
to peaks in the second channel that are temporarily displaced
by the same distance found in the correlation measurement up
to a given error range. This error range is in turn a function of
the width of a Gaussian fitting of the correlation function; given
that the spacing between the interrogation zones is constant, the
wider the correlation function, the bigger the variance is in the
velocity of the cells detected. We believe that this variance may
originate from a small variation in the position of the trajectories
of the various cells in the focused stream as they pass through
the interrogation regions, leading to a small difference in their
velocity that stems from the parabolic velocity profile inside the
microfluidic channel. Once all the paired peaks have been iden-
tified, the two fluorescence signal amplitudes (red and green
amplitudes), corresponding to a single cell, are collected and
subsequently represented. This analysis method minimized the
errors due to false detections (i.e., two events have to be inde-
pendently detected in two interrogation regions and correctly
correlated if the cell is to count as detected) so the chip is more
reliable than conventional microfluidic chips that, although capa-
ble of multicolor fluorescence detection, do not take advantage
of simultaneous multiple signal acquisition.
We also gave the code, the ability to discard detected peaks
with abnormal shapes (i.e., peaks with a too wide waist and/or
saturated peaks, mainly caused by cell aggregates). The geometry
given to the fluidic chip (essentially the pumping fiber was in
direct contact with the fluidic channel) provided a very well-
defined Gaussian pumping profile over the sample stream flow
of around 7–8 µm in waist. This means that any unexpected
widening in a detected peak in the V(t) plot can only come from
a dramatic change in the size of the body being measured. An
eventual widening of the pumping beam waist would not allow
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Figure 4.4: Cross-correlogram of the green and red fluorescence signals.
The inset shows a well-defined peak at ∆t = −0.00108 s.
the application of this discarding method, forcing to have to rely
on the uncertainty of rejecting peaks by their abnormally big
amplitude instead, ignoring if such peaks are caused by big cells
(or cell aggregates) or by small cells with heavy staining. If these
events are not corrected, they may produce an important bias
in cases of real blood sample for which very small ratios are
expected for CTC’s. Figure 4.5 illustrates the final result of the
pairing process.
4.3.2 Data analysis
For each analyzed sample, we recorded the fluorescence signals
in both the red and green channels for 100 s at a sample rate of
105 S/s. Each peak in the voltage versus time plots represents
the detection of a cell passing through each detection zone. We
can see that the mean peak intensities in the green channel are
significantly higher than in the red channel, which indicates that
FITC is more efficient than PerCP. Due to the presence of the
HER2 and EpCAM receptors in the AU-565 line, these cells were
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Figure 4.5: Voltage versus time plots for red and green channels and
the results after the pairing process in the 1:1 ratio sample.
The code identifies and labels the paired peaks at each
channel tagging their temporal position with a solid dot
with matching color corresponding to the channel of origin.
Unpaired peaks—peaks only detected in one of the channels
or without a corresponding peak at the established shift—
are also marked with red or green colored crosses. Detection
thresholds for each channel are also represented. Notice the
consistent slight displacement in the paired peaks positions
in the green channel with respect to their corresponding
paired peak in the red channel. This is due to the time delay
in the measurement of a given cell between the first and the
second interrogation zones.
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marked with both PerCP and FITC, so they both emit red and
green fluorescence. Autofluorescence, in some exceptional cases,
may overpass the threshold for positive events. Thus, only cells
showing both correlated signals are considered as positives.
Fluorescence intensity data for paired peaks are represented
as scatter plots. Each dot in the graph represents a detected cell,
and the coordinates are the fluorescence signal amplitudes mea-
sured as the prominences of the detected peaks. In order to set a
threshold for the positive events, we measured two samples, one
containing exclusively AU-565 cells with specific PerCP and FITC
labeling, which correspond to positive detections, and the other
containing RAMOS cells, the detection of which mainly indicates
negative events. When these results are represented (Figure 4.6), a
bimodal distribution appears with one of the modes, correspond-
ing to AU-565 cells that express HER2-labeled PerCP, having a
higher red signal (positive events). The other mode, with a lower
red signal, is produced by the weak red autofluorescence of the
unlabeled RAMOS cell line corresponding to negative population
(negative events). A standard k-means clustering method is then
applied to each individual data series after setting a random ini-
tial centroid for each population. Once the classification method
has converged, it produces a new centroid and the detection
threshold for the red channel is set between the newly gener-
ated centroids for positive and negative events. The numbers at
the upper and lower halves, the positive and negative region,
respectively, represent the counted events in said regions for
AU-565 cells (red) and RAMOS cells (blue). After the threshold
had been set in the red channel, a series of measurements were
taken of some samples containing different ratios of cell lines
prepared in the laboratory. The results are presented in Figure
4.7 for 100% AU-565 and for different ratios (1:1, 1:10, 1:100 and
1:1000). The results were compared with the theoretical expected
known value. We also applied a k-means classification method
in this step using the coordinates of the centroids we had found
in the previous step as an initial guess.
The code also counted the number of events in both the nega-
tive and positive regions, from which the deduced ratios were
subsequently calculated. The numbers at each region represent
the events counted by our custom code. Clusters’ centroids posi-
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Figure 4.6: Scatter plot of fluorescence signal amplitudes for AU-
565 cells (red scatter cloud) and a sample containing
RAMOS cells (blue cloud). A k-means analysis is ap-
plied over the clusters, and the obtained classes’ centroids
(black crosses) coordinates are CAU−565 = (0.4, 0.1) and
CRAMOS = (0.43, 0.02). The detection threshold is located
between the centroids in the y direction (red fluorescence
scale) at an equidistant position to both centroids, at 0.06.
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(a) (b)
(c) (d)
(e)
Figure 4.7: Scatter plots for samples with different ratios of cell lines
(AU-565:RAMOS) in terms of their red and green fluores-
cence signals. The plot is divided into two halves by the
PerCP threshold, an upper (positive events) and lower re-
gions (negative events).
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tion after the application of a k-means method is marked with
red crosses. As expected, when the ratio decreases (increased
content of RAMOS cells), the lower region becomes more pop-
ulated. In order to obtain a reliable measurement for the 1:100
and the 1:1000 ratios, the concentration in those samples was
increased, so that the number of detected events could be taken
as representative of such low concentrations. There is a tendency
for the centroids position in the upper halves (positive detection)
to be slightly displaced toward higher green fluorescence values.
This is probably due to a small contribution of the FITC emission
on the overall signal. The lower region of the plots (negative
detections) corresponds to measurements giving red fluorescence
signals under the threshold. These data are interpreted as cells
that do not express HER2, RAMOS cells. The upper region (posi-
tive detections) is associated to AU-565 cells. We believe that the
robustness of this method may allow the detection of rare events
such as CTC’s in real blood samples.
The samples were also characterized with a flow cytometer
(NovoCyte Flow Cytometer from Acea Biosciences Inc., San
Diego, CA, USA). The results for the analyzed samples are pre-
sented in Section 1.3 in Appendix 2 (Figure 9.3 et seq.). These
results compare well with those obtained by our device. The
advantage of our microfluidic cytometer over the traditional flow
cytometer includes its disposable use, portability and low operat-
ing costs. For consistency, cytometer ratios are expressed as the
quotient between PerCP fluorescence signal positive and nega-
tive events, (EpCam(+) + Double positive)/(Negative + HER2(+)).
For example, referring to the 1:10 sample (Figure 4.8) the results
provided by the cytometer can be summarized as follows: (29 +
2322) positive events (AU-565) and (18953 + 1264) negative events
(RAMOS), giving a ratio of 1:8.60.
Table 1 summarizes the results of the analyzed samples as well
as the results provided by the commercial flow cytometer. This
table includes the center of the negative and positive classes (in
linear-scale coordinates), the number of cells detected in each
class and the ratio between the number of cells detected by the
pairing algorithm. For the 1:1 and 1:10 samples, the match is
almost perfect, but the deviation from the theoretical expected
value reduces as the concentration of AU-565 cells diminishes
110
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
microfluidic device with dual-channel
fluorescence acquisition for
quantification/identification of cancer cells
Figure 4.8: Cytometric results for a sample containing a 1:10 ratio (AU-
565:RAMOS).
for both, the optofluidic device and the flow cytometer. The
deviations from the theoretical values can be attributed to exper-
imental errors during sample preparation, particularly for low
ratio samples. In addition, the discrepancies between our device
and the flow cytometer might be explained by such technical
differences as flow focusing conditions, pumping light, luminous
signal harvesting and data treatment. The performance of our
optofluidic chip is similar to the proposed by other authors in
similar devices [33,34].
4.3.3 Conclusions
The laboratory-engineered samples were used to test how reliably
two kinds of cell populations can be detected in terms of their
fluorescence footprint. Although the acquisition time was not a
determining factor during our experiment, we managed to detect
just over 30.000 cells in a single 100 s run from samples with
cell concentrations in the order of 106 C/ml. Given that this cell
concentration and the flow rates used can be further increased, it
is reasonable to think that CTC tests can also be performed in this
device. In addition to improving the reliability of cell detection
by means of correlation measurements, our system also allowed
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us to easily discard cell aggregate detection events (in most of the
data we treated) thanks to an individual peak geometry analysis.
The conjunction of 3D hydrodynamic focusing and the features
provided by optical fibers (i.e., a small pumping volume from the
single mode fiber and the efficient fluorescence light harvesting in
the high NA fibers) turned out to produce satisfactory results in
good agreement with those obtained by a commercial cytometer.
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T W O - WAY C O U P L I N G F L U I D - S T R U C T U R E
I N T E R A C T I O N ( F S I ) A P P R O A C H T O I N E RT I A L
F O C U S I N G D Y N A M I C S U N D E R D E A N F L O W
PAT T E R N S I N A S Y M M E T R I C S E R P E N T I N E S
5.1 introduction
Inertial migration effects have long been observed in macroscopic
systems in studies regarding the flow of cells through capillaries
and rheology experiments with suspensions of spherical par-
ticles [1–4]. Saffman later provided the theoretical basis that
attributed this apparent migration of particles and cells to the in-
ner region of capillary tubes and blood vessels to non-linearities
of the Navier-Stokes (N-S) equations [5]. With the advent of mi-
crofluidic technologies, inertial migration has acquired significant
attention, thanks to its associated passive focusing capabilities in
devices in which some form of suspended particulate flows in
a driving fluid [6,7]. Microfluidic devices composed of serpen-
tines or spiral channels are particularly suitable for experiments
in which efficient conditions for inertial focusing are sought,
because transverse flows that spontaneously emerge in curved
geometries assist particles and cells in reaching stable positions
faster [8–13]. Experimental and theoretical developments in the
physics of inertial migration have improved our understanding
of this phenomena [14–16] and have led to the study of the under-
pinning mechanics for real-life conditions with finite Reynolds
number (Re) and finite particle size approximations [17–20]. The
Reynolds number (which is used in fluid dynamics to quantify,
in relative terms, the importance of viscous over inertial forces)
is defined as Re = ρUH/µ, where ρ is the fluid density, U its
velocity, H is a characteristic length of the system, and µ is the
viscosity of the fluid.
In parallel to the development of the theory of inertial migra-
tion of particles, numerical methods have emerged as a powerful
tool to predict inertial forces and particle focusing positions.
119
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
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Aiming at reducing the computational complexity of the simu-
lated dynamics of particles in confined flows, many authors have
proposed the use of an iterative procedure according to which
the variables of the problem are referred to a moving frame of
reference fixed to the moving sphere [21–25]. Since the sphere
is stationary with respect to this frame of reference, the veloc-
ity of the backwards-moving walls and the angular velocity of
the particle are then iteratively updated until the particle moves
force and torque free. This method helps finding the inertial force
distribution over the particle in a section of the channel. The use
of such a physically constrained system, however, requires prior
knowledge of the velocity and spin direction of the analyzed
particle, which makes it unsuitable for complex channel geome-
tries. Liu et al. proposed the use of an explicit formula for the lift
force to predict the trajectories of particles in complex geometries
using a Lagrangian tracking method [26]. The coefficients of this
formula, however, need to be determined through computational
fluid dynamics (CFD) simulations of N-S equations solved for
flows in straight channels.
Given the complexity of simulating particle migration condi-
tions, some authors have proposed the use of lattice Boltzmann
methods (LBM) [27–30], due to their lower memory consumption
with respect to the more generally used finite element method
[31]. Nonetheless, LBM is prone to cause instability issues in
particle-fluid interaction simulations owing to its inherent ineffi-
cient representation of the solid boundary interface [32]. Addi-
tionally, this method relies on analytical solutions [28] that, in
some cases, are only valid for very small Reynolds numbers. In
order to improve the treatment of particle-fluid interactions at
the boundary level, a coupling between LBM and the immersed
boundary method (IBM) [33] was proposed (IB-LBM) [32]. Em-
ploying the IB-LBM method, Jiang et at. studied the focusing
conditions of spherical particles in a symmetric serpentine [34].
The drawback of the IB-LBM method is that the velocity field of
the fluid and the particle are found by including a body force
term into the lattice Boltzmann equation. This body force is in
turn deduced from the deformation suffered by the boundary of
the solid-fluid interface. Consequently, one must provide the sim-
ulation code with an appropriate stiffness factor—not too small
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so that it prevents flow perturbations caused by the deformation
of the particle, but not too big so that no measurable distortion
is obtained preventing the simulation to converge [32]. The re-
quirement for a measurable deformation in the IB-LBM method
may also be the cause for particles moving close to the center
of symmetry of a given channel geometry, remaining in those
positions, even when inertial focusing conditions are reached
[34], a situation that is not reflected in the real experiment.
Fluid-structure interaction methods (FSI) are normally em-
ployed in systems in which deformations of a solid structure
are expected, given their interaction with some fluid [35–38].
Because of computational restrictions, this method is rarely em-
ployed in simulations in which one of its components translates
a long distance, e.g., a particle moving through a microfluidic
channel. However, although scarce, previous work demonstrates
the convenience of applying FSI methods for moving particles
[39–41]. The strength of this method is that it provides a solution
that fully describes the physics of the process since the particle
and the flow are defined with unconstrained components dur-
ing the simulation—it can model how a moving object and the
surrounding fluid affect each other.
We propose a new two-way coupling FSI 3D model scheme
for an asymmetric serpentine to simulate the influence of drag
and inertial forces of the fluid over a particle with unrestricted
degrees of freedom. In order to test the accuracy of this model,
we obtained images of focused fluorescent particles in a microflu-
idic device and then compared the luminous streak with the
obtained trajectory in the simulation process. The flow rate and
geometry of the simulated domain were adjusted to match the
experimental values in the microfluidic device. The simulation
results from the free-rotating particle also allowed to find the
angular velocity components of the particle, providing a set of
variables that are hardly attainable under postulated assump-
tions alone. Using a provided definition for the transverse flow
(Dean flow), we present a phenomenological relationship about
the behavior of the rotating particle and its interaction with the
Dean and gradients of the flow. We believe that the description
about the evolution of the angular velocity of the particle can
be incorporated in a variety of systems, e.g., spirals [10,42,43],
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symmetric serpentines [44], and expansion/contraction chambers
[45], to name a few, in order to define pre-set angular velocity
components in less computation-intensive simulations like the
ones we find in the literature for the more-simple straight channel
case [21–25]. This would allow a substantial time improvement
for simulations involving complex microfluidic systems in which
some form of transverse flow is present.
5.2 model and methods
In order to test the suitability of our simulation model, a mi-
crofluidic device with the same serpentine geometry was created
employing conventional photolithography techniques. SU8 (SU8-
2150, MicroChem Corp., Newton, MA, USA) was spun on a
3-inches silicon wafer at 3500 RPM to obtain the desired chan-
nel height. The design of the serpentine was transferred from a
chromium mask onto the SU8 layer using a UV mask aligner (MG
1410, SÜSS MicroTec AG, Garching, Germany). The microfluidic
chip was elaborated in polydimethylsiloxane (PDMS) (Sylgard
184 from Dow Corning Corp., Midland, MI, USA). In addition to
the conventional channels, the PDMS device also incorporated
cavities to insert micromachined glass mirrors in the vicinity of
the serpentine. The PDMS cavities devoted to the mirror had to
be casted from micromachined structures directly stuck onto the
Si wafer and placed very close to the fluidic channel. The mirrors
were oriented at 45◦ and its field of view covered the entire height
of the fluidic channel. This allowed to visualize the two stable
trajectories of inertially focused fluorescent polystyrene particles
(Figure 5.1).
For simulation involving only the fluid, which was used to
find the solution for the transverse flow, a 3D periodic unit
of the serpentine (Figure 5.2) was used as the computational
domain. Periodic flow conditions were required to set a pressure
difference between a source boundary, where the fluid enters
the domain, and a destination group through which the fluid
exits the domain. The pressure difference was set at 857 Pa so
that the desired flow rate of 130 µL/min was obtained during the
simulation; the same used in the experiment with the fluidic
device. We chose this geometry and flow rate for the simulation
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(a) (b) (c)
Figure 5.1: (a) Render that illustrates the position of the lateral mirror
with respect to the serpentine; (b) Zenithal (top) and lateral
(bottom) views of the serpentine with an overlapped fluo-
rescence streak image (false color) from inertially focused
particles at a flow rate of 130 µL/min; (c) The limited depth
of field of the employed objective allows the streak of parti-
cles reflected in the mirror to focus at different focus planes
(red planes).
because the experimental results showed very good focusing
conditions for particles that were optimal after 24 big-small curve
doublets. The mesh also incorporated a finer mesh region inside
the small turn in order to improve the simulation results in the
region around which Dean vortex centers are expected to develop.
The governing equations for momentum and mass conservation
solved during the computation step were:
ρ
∂~v
∂t
+ ρ (~v∇)~v = ∇
[
−pI + µ
(
∇~v + (∇~v)T
)]
(5.1)
ρ∇~v = 0 (5.2)
where ~v is the velocity field of the flow, p the pressure, I the
unit identity matrix, and ρ and µ the density and viscosity of the
fluid, respectively.
Bounded flows with some degree of curvature may facilitate
the emergence of a flow field distribution that is perpendicular to
the streamwise flow called Dean flow. These flows originate from
the difference in velocity at the inner region of the fluidic channel
with respect to the near-wall regions, which in comparison, due to
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(a) (b) (c)
Figure 5.2: (a) Geometry’s dimensions of the serpentine; (b) meshed
simulation domain for the CFD simulation represented as
a periodic unit of the serpentine. The channel is 73 µm in
height; (c) inner region of the simulation domain. Part of
the mesh has been removed to expose the insides of the
mesh, emphasizing the effects of the finer mesh regions in
the small curve. Color scale represents the mesh element
size.
the parabolic velocity profile, tend to be negligible. When the flow
rate is sufficiently low, the viscosity between the flow elements
in a moving mass of fluid suffices to force the streamlines of
fluid to follow the curvature of the channel. The dimensionless
parameter used to characterize the strength of transverse flows
is the Dean number, De = Re
√
Dh/2r; where Dh = 2wh/w+h is the
hydraulic diameter, where w and h are the width and height
of the channel, respectively, and r is the radius of the curved
channel.
We propose a new approach by which the direction and magni-
tude of Dean flows can be numerically calculated at the pointwise
level inside a simulation domain employing a FEM. The flow field
is simulated at low and high flow rates and the differences be-
tween them are measured point-by-point in order to infer the
magnitude and direction of the resulting transverse (Dean) flow.
In our calculations, we chose the transverse components of the
flow field at a given point to be the velocity field in the z direction
(w), and the velocity field components in the x− y plane (u and
v for x and y components, respectively). The latter coordinates
are projected along a direction perpendicular to the streamlines
obtained for the simulation at low flow rates (Figure 5.3). This
method can be applied to any channel geometry, provided that
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(a) (b) (c)
Figure 5.3: (a) Obtained streamlines for a flow with negligible Dean
flow (black lines) and for Q = 130 µL/min (red lines) for
h = 73 µm measured at z = 36.5 µm. Dean flows at this
height displace the streamlines outwards in the central re-
gion of the curves; (b) decomposition, at any given point, of
a flow velocity vector (~v) to a direction perpendicular to its
corresponding negligible Dean flow streamline at that point.
The perpendicular direction (nˆ) is found using the variables
u0 and v0 from the solution at low flow rates; (c) once the
flow rate is increased, Dean flow appears and the velocity
vector, now with v and u components, can be projected
along vector nˆ.
the solutions for two different regimes, creeping flow, and regular
laminar flow, can be obtained.
The analytical expression of the transverse flow field is then
defined point-by-point and expressed in terms of the variables
obtained in a simulation involving a low flow rate (Q(v0 =
1µm/s) ≈ 1.8× 10−4µL/min), u0 and v0, and the variables obtained
in the studied flow rate (Q(v0 = 0.67m/s) = 130µL/min) u, v and
w:
~vtrans = (u sin θ − v cos θ) nˆ + w~z ; θ = arctan
(
v0
u0
)
(5.3)
Dean patterns are commonly represented as flow field projec-
tions in a section of a microfluidic channel [26,34,45,46]. Such
representation is indirectly based on the assumption that the
streamlines of a hypothetical creeping flow are perpendicular to
the said plane because its tangent components are taken as the
Dean flow components. Reference cross-sectional planes (based
on the geometry of the channel) to represent such flows can
yield inaccurate results since, in general, it cannot be guaranteed
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that the streamlines of a flow, for which inertial effects can be
neglected, are indeed perpendicular to the reference plane at
any point. This is particularly true for the case of channels with
complex geometries, such as serpentines or mixers, where new
techniques have to be applied in order to visualize the compli-
cated flow patterns that emerge [47,48].
The FSI simulation (in addition to N-S equations) also incorpo-
rated a term for the load on the solid boundary and a moving
wall condition (displacement of the solid) for the fluid domain:
~Fsolid = −nˆ
[
−pI + µ
(
∇~v + (∇~v)T
)]
(5.4)
~vwall =
∂~usolid
∂t
(5.5)
were nˆ is the normal vector to the boundary of the sphere, ~v wall
is the velocity of the fluid-solid interface, which acts as a moving
wall for the fluid, and ~usolid is the structural displacement of the
solid.
Figure 5.4 depicts the 3D fluid domain employed during the FSI
simulation process. Unlike the stationary case, we opted not to
use a periodic domain in the simulation involving the interaction
between the particle and the flow. The reason is that periodic flow
conditions only allow the use of pressure differences between the
source and destination boundaries of the domain. The problem
of using a pressure difference as a driving source for the flow in
a transient simulation is that the pressure difference between the
source and the destination boundaries -the pressure needed to
obtain the desired flow rate- fixes the time it takes the flow to
achieve stationary conditions, a regime that is expected as the
particle travels through the region of interest (the small curve).
Unfortunately, in our geometry, the time it takes the flow to
achieve such conditions is so long that the particle penetrates the
region of interest, while the flow hasn’t yet achieved stationary
conditions (stationary flow rate and velocity profiles). Instead,
by fixing an inflow velocity field distribution as a boundary
condition for the inlet modulated by a smooth time dependent
function, we can artificially set the time it takes the fluid domain
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to achieve a fully developed flow, a time that will be short enough
so that the particle enters the small turn long after this condition
is achieved. With this new boundary condition, we designed a
new domain that comprised of a straight channel section, where
the flow first develops, followed by a succession of big-small-big
turns whose geometric parameters coincide with the microfluidic
chip used to focus  = 10 µm particles in the experimental
section. Like in the CFD simulation, the flow rate was set at
130 µL/min. The inlet velocity flow profile is approximated to
that of a rectangular section channel by the expression:
~v (~r, t) = 16v0
x (x0 − x) z (z0 − z)
x20z
2
0
step (t [1/s]) yˆ (5.6)
where step (t[1/s]) is a dimensionless smoothed step function
included to improve the convergence at the beginning of the time
dependent simulation. 16/x20z20 is a normalizing factor at the inlet
boundary condition so that ~v (~r, t) = v0 at the center of the inlet.
Similarly, the expression in the numerator ensures that ~v (~r, t)
decays from the center of the channel out down to 0 at the walls
in accordance with the no slip wall boundary condition for the
flow introduced in the simulation. Notice that in the selected
reference frame~v (~r, t) has only a y-component at the inlet (Figure
5.4(a)). A 0 Pa pressure condition is set at the outlet. v0 is chosen
so that, after stationary conditions are achieved, the desired
flow rate is obtained in the channel (with our channel section,
Q(v0 = 0.74 m/s) ≈ 130 µL/min). The flow rate is monitored by
integrating the obtained flow fields across an arbitrary section
of the channel. The length of the straight section ensures that
the approximated velocity profile will have enough time to be
fully developed at its end, before entering the first of the two
big turns. Likewise, the big turn was completely included in the
computational domain to ensure that the developed flow at the
entry of the small turn was as similar as possible to the periodic
case.
The mesh of the fluid domain was composed of two differenti-
ated regions with two different mesh sizes (Figure 5.4(b)). The
finer mesh region was restricted to the upper half of the channel.
It was devoted to act as an “envelope” domain for a particle
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(a) (b) (c)
Figure 5.4: (a) Meshed simulation domain for the FSI simulation. The
fluid enters the domain through one of the straight section
ends (blue surface) and exits through the other side (red
surface); (b) detail of the different sized meshes. The upper
one corresponds to the region of the domain where the
particle will translate through the curve; (c) zoomed section
of the mesh showing the particle domain (green) at its initial
position inside the channel.
in the upper stable trajectory; it was placed in such a way that,
during the simulations, the particle would remain inside this
domain at all times. The finer mesh allows the solver to calculate
the variables of the problem more precisely, since it can resolve
the gradients of pressure and velocity in the vicinity of the sphere
more reliably. The domain also included a spherical mesh 10 µm
in diameter (Figure 5.4(c)), representing a particle, whose ma-
terial properties were adjusted to match those of polystyrene.
The series of FSI simulations consisted of numerically solving
pathline trajectories of these spherical particles with different
initial positions. The initial and final positions in the resulting
simulation were located well away from the entry and exit of the
small turn of the serpentine so that the particle’s behavior in this
region was entirely captured. The mesh of the sphere itself was
customized with lower element sizes than the predefined ones in
order to obtain a reliable measurement of the calculated reaction
forces.
Since the flow and pressure profiles solutions are symmetric
in z, the study of one of the two trajectories is enough to charac-
terize the effects of the Dean flow when no interaction between
particles is considered. In order to reduce the computational
complexity and the number of degrees of freedom of the simula-
tion, a coarser mesh was used in the rest of the fluid domain, a
domain which only contained fluid throughout the simulation. It
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Figure 5.5: Different stages of the movement of a  = 10 µm spherical
domain (green sphere) through the fine (rainbow) mesh. The
last picture shows the remeshing of the fine mesh. Bluish
facets in the fine mesh represent low mesh quality regions.
has to be stressed that due to the geometry of the problem and
the complexity of the flow patterns arising in the channel, the 3D
simulation could not make use of symmetries that would speed
up the convergence of the solutions. Likewise, inertial terms in
the N-S equations (which lead to non-linearities) could not be
neglected in order for inertial migration effects to arise in the
solutions.
In our problem, the FSI formulation couples the flow field and
pressure solutions from N-S equations for an incompressible flow
to solid mechanics equations, namely, the reaction forces over the
solid boundary of the particle. The use of the FSI formulation for
the time-dependent study in COMSOL (version 5.0, COMSOL
Inc., Stockholm, Sweden) incorporates an arbitrary Lagrangian-
Eulerian (ALE) method that takes into account the deformation
of the mesh in the fluid domain caused by the movement of the
particle being displaced under the influence of the surrounding
flow. No constraint is applied on the particle, so it becomes a
freely moving mesh. This circumstance imposes the use of an au-
tomatic remeshing feature at the mesh surrounding the particle,
otherwise the fluid domain would be deformed indefinitely over
time as the particle (the spherical mesh) moves along the channel
(Figure 5.5).
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(a) (b)
Figure 5.6: (a) Flow velocity magnitude for Q = 130 µL/min and h =
73 µm measured at z = 36.5 µm, at the middle height of
the fluidic channel; (b) Flow velocity magnitude for the
same flow conditions measured at the y− z plane halfway
through the small curve.
5.3 results and discussion
5.3.1 Stationary Solution for the Transverse Flow Field
Figure 5.6 illustrates the simulation results for the velocity mag-
nitudes of the flow at a given flow rate and channel height
(Q = 130 µL/min, h = 73 µm). The velocity magnitude distribu-
tion clearly reveals the asymmetric character of the flow; the
maximum values of the velocity tend to be displaced in the
streamwise direction.
The transverse flow was decoupled from the main flow so the
contribution of the Dean vortices can be inferred (Figure 5.7). In
order to get a complete picture and to improve the understanding
of the geometric complexity of the transverse flows, transverse ve-
locity isosurfaces are also represented in Figure 5.8. As expected,
secondary flows direction and intensities vary along the height
of the small curve having its maximum intensity in the middle
height region of the channel (corresponding to flow moving radi-
ally outwards) and in opposite direction near the top and bottom
boundaries (flow moving inwards). No secondary Dean vortices
were observed in the simulations of the small curve given their
moderate aspect ratio [49]. For heights near the middle of the
channel, two well-defined boundaries of negligible transverse
flow between the small and big turns regions are visible. These
boundaries are the consequence of a flow transition in these re-
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gions due to a rotation inversion of the Dean vortices between
the small and big turns. For a region between the half height of
the channel and its top wall (z = 55.5 µm), a curved path with
negligible transverse flow velocity is visible at the inner region
of the small turn (Figure 5.7(b)). At z = 17.5 µm, an additional
null velocity path can be found. These paths, which follow the
curvature of the small turn, represent the position of the center
of the upper and lower Dean vortices generated in the small turn
(Figure 5.8). Some authors have highlighted what appears to be a
tendency of focused particles to travel along vortices centerlines
[34], which would explain the emergence of two stable trajecto-
ries of focused particles in some curved geometries, one for each
upper and lower Dean vortices centerlines.
5.3.2 FSI Simulation
One of the purposes of the FSI simulation was to find the nu-
merical solution that would best describe the movement of a
 = 10µm particle along the trajectory found in the experimen-
tal section at Q = 130 µL/min. An overlap between the averaged
fluorescence streak image from the experiment and an animation
provided by the time dependent solution of the moving sphere
was used as a comparison method between the experiment and
the simulation (Figure 5.9). Since no height information of the
particles can be extracted from a zenithal view of the fluorescence
streak, lateral images of the small curve were taken using the
inserted mirrors in the microfluidic device. This allowed to obtain
the approximate height of the trajectory and use it as a guess for
the particles’ initial position in the simulation. Since the height
of the stream of particles could not be measured with enough
precision, slightly different initial positions for the spherical mesh
were tested during the FSI simulations in order to find the best
fit with the experimental data.
Data from the FSI simulation was analyzed to obtain the an-
gular velocity components of the particle as it moves along its
trajectory in the upper half region of the small curve (Figure
5.10(a)) under the influence of the upper Dean vortex. Given the
observed changes in the direction and strength of the angular
velocity vector in this region of the channel, we can distinguish
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(a) (b)
(c)
Figure 5.7: Modulus of the transverse flow field calculated at different
heights. The transverse flow field strength is an order of
magnitude weaker in the big curve. (a) At z = 36.5µm
(middle height), the magnitude for an outwards-moving
flow is maximum; (b) At z = 55.5µm, a null velocity region
(the center of the upper Dean vortex) is visible in the central
region of the small curve; (c) The magnitude of the velocity
in the small curve increases again as we move upwards.
This time, the flow is moving inwards, in the direction of
the center of curvature.
(a) (b)
Figure 5.8: (a) Isosurfaces of the transverse velocity flow modulus cut
through y− z plane; (b) Plane view of the cut section. The
null transverse velocity paths are visible at the center of the
Dean vortices.
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(a) (b)
Figure 5.9: (a) Overlapping of the experimental image for a focused
streak of  = 10µm particles and positions of the particle
calculated with the FSI simulation along the small (white
circles). The overlapped image is represented in false color
to improve the visibility of the streak; (b) Composed per-
spective of the 3D trajectory of the particle (red line).
between different particle behavior regimes (Figure 5.10(b–d)).
The obtained rotation rates are in the kilohertz range, the same
that has been observed in straight channels with conventional
flow rates [21,50].
The particle, initially at rest at the beginning of the simulation,
gradually starts to spin while being displaced by the drag in
the streamwise direction producing an angular velocity vector
contained in the x − y plane (Section 1 in Figures 5.10(b) and
5.11). Taking into account its proximity to the upper wall, the
spin direction of the particle is the one that might be expected
for an inertially focused particle under the influence of a vertical
parabolic shear gradient [22,23]. Viscous forces exerted by the
fluid located between the particle and the inner region of the
channel (which moves faster than the particle) and the fluid
between the particle and the upper wall (moving slower than
the particle) create a torque that add up to the same direction,
creating a net spin over the particle (ω1).
Right after entering the small curve, the angular velocity vector
momentarily deviates downwards, indicating the emergence of
a clockwise spin rotation around the z axis (if we look at the
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(a) (b)
(c) (d)
Figure 5.10: (a) Angular velocity components of the particle as a func-
tion of the simulation time. ωTotal is the total angular ve-
locity magnitude; (b) Angular velocity vector along the
trajectory of the particle as seen from a zenithal view; (c,d)
Angular velocity vector seen from different perspectives in
COMSOL’s frame of reference.
(a) (b)
Figure 5.11: (a) Velocity magnitude at the half height of the channel; (b)
Vertical section of the fluidic channel at the inlet region of
the small curve showing the velocity magnitude distribu-
tion. The shear in the vertical direction induces an angular
velocity vector, ω1, contained in the x− y plane pointing
away from the small curve center.
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particle from above). This component reaches its maximum in
the transition boundary between the inward and outward lateral
moving flow (Section 2 in Figures 5.10(b) and 5.12(a,b)) at the
plane where the particle is moving. Once the particle leaves this
region, the velocity vector returns to the x− y plane.
In the next region of the trajectory, as the particle approximates
halfway of the small turn, the influence of the upper Dean vortex
starts to show up as the particle is forced to rotate in the direction
of the Dean vortex [34]. As for the total angular velocity vector
of the sphere, it gradually moves counterclockwise (Sections 2
and 3 in Figure 5.10(b)) under the influence of this new compo-
nent. Since the particle translates along the centerline of the Dean
vortices, the flow revolving around the particle (a flow that is per-
pendicular to the streamwise flow) forces it to acquire an angular
velocity component tangent to its trajectory pointing upstream
(Figure 5.12(c)) along the regions where Dean flows are stronger.
This is reflected by the fact that the resulting angular velocity
vector is no longer perpendicular to the trajectory (Section 3 in
Figure 5.10(b)). A side-effect of the rotation of the particle due to
the shear gradient (causing a strong ω1 component), while being
under the influence of a secondary flow, is that the interface be-
tween the outward- and inward-moving flow suffers a distortion
caused by the no-slip boundary condition of the rotating particle;
the surface of the rotating sphere drags the surrounding fluid
altering this interface. This distortion causes the torque to suffer
a change on its balance that causes the velocity vector to move
downwards (Figure 5.12(d)), increasing its negative z-component
(clockwise rotation of the particle as seen from above).
Simultaneously, as the particle moves along the curve and this
clockwise rotation in the z direction increases in magnitude, it
further induces a distortion of the Dean flow in the z direction
around the particle modifying the torque balance again (Figure
5.13).
This additional distortion modifies the angular velocity vec-
tor by forcing it to move inwards to the center of curvature
(Section 3 in Figure 5.10(b)). Apparently, this induced torque is
strong enough to counteract the effect of the shear-induced ω1
component, inverting its original spin direction.
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(a) (b)
(c) (d)
Figure 5.12: Simulated transverse velocity magnitude and sense of the
flow in the x− y plane. Reddish regions correspond to an
outward-moving flow (moving away from the center of
curvature of the small curve) and vice versa for the bluish
regions. (a) General view of the channel with marked cross
sections; (b) Transverse flow field gradients in the x − y
plane induce particle’s rotation, ω2; (c) The flow around
the particle in the center of the Dean vortex further induces
a change in the particle’s rotation with a ω3 component
in the x direction; (d) The rotating particle causes a distur-
bance (yellow arrows) at the interface between the outward
and inward lateral flows with Vt components, which in
turn causes a modification in the angular velocity of the
particle yielding to the ω4 component.
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(a) (b)
Figure 5.13: (a) z-component of the transverse flow field. Reddish re-
gions correspond to flow moving upwards and vice versa
for bluish regions; (b)The vertical rotational component of
the particle (ω4−z) induces a disturbance in this compo-
nent of the lateral flow field (yellow arrows) that modifies
the behavior of the rotating particle (ω5 component).
As the particle approaches the end of the small curve, the
strength of the Dean flow gradually decreases and the distortions
of the flow are greatly attenuated. As can be seen in Figure
5.14(b), the interface between the inward- and outwards-moving
flow remains relatively unaltered. However, similarly to what is
observed at the inlet of the small curve, the gradients that the
particle encounters as it exits the small curve induce a strong
counterclockwise rotation around the z-axis (Figure 5.14(c)).
At the outlet of the small curve, the particle also encounters
regions with big velocity magnitudes, hence, stronger gradients
in the vertical direction. The cumulative effect of the reduction
in Dean intensity and the pronounced streamwise flow gradi-
ent increase in the vertical direction causes a restitution of the
original particle spin pointing outwards (Figure 5.15, Section 4
in Figure 5.10(b)). Like in the case of the particle entering the
small curve: since the particle is moving far from the lateral walls,
the shear-induced rotation effect is expected to be stronger in
the vertical direction; because of the parabolic velocity profile,
the lagging-leading flow differences at each side of the particle
are expected to be much greater in the vertical direction. As the
particle enters the big curve, the angular velocity vector gradually
moves to the x− y plane again.
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(a) (b) (c)
Figure 5.14: Transverse velocity magnitude and sense of the flow in the
x− y plane. (a) General view of the channel with marked
cross sections; (b) The interface between the outward- and
inward-moving flow is no longer distorted so no modifi-
cation of the angular velocity vector is produced in this
region; (c) A strong induced angular velocity (ω2, with pos-
itive z direction) is observed at the vicinity of the transverse
inwards-outwards transition region.
(a) (b)
Figure 5.15: (a) Velocity magnitude at the half height of the channel;
(b) Vertical section of the fluidic channel at the outlet re-
gion of the small curve showing the velocity magnitude
distribution. The shear in the vertical direction induces an
angular velocity vector contained in the x− y plane.
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5.3.3 Conclusions
We presented CFD and FSI simulation results for the flow in
an asymmetric serpentine and an unrestricted free spherical
particle. A custom-made microfluidic device was fabricated in
order to compare the numerical results with the experiment
conducted at the same conditions. The micro-mirrors inserted in
the microfluidic device were useful to verify the existence of two
stable trajectories, mirrored in z, for the focused particles and to
make an estimation of the height of the streak to use it as the
initial conditions in the FSI time-dependent simulation.
We also introduced a new methodology, based entirely on the
results of numerical simulations, to obtain the transverse flow
magnitude in a curved geometry. The fact that this method is
based on the measurable differences between a creeping flow and
the flow containing transverse lateral flows, helps in finding the
direction and magnitude of the transverse flow at any point in
the fluidic domain without any geometric bias such as the ones
that may be introduced when Dean patterns are represented in
section planes.
FSI results suggest that particles focused under inertial focus-
ing conditions tend to be entrained in the centerlines of the Dean
vortices, something already observed by Jiang et al. [34] with
the IB-LBM method. This fact seems to be relativizing the impor-
tance of Dean drag contribution to inertial focusing conditions
in curved channels; particles appear to have a preference to be
focused at regions with small local lateral flow intensities. The
comparison between the trajectory found in the simulation and
the experimental one shows good agreement between them vali-
dating the join application of FSI + ALE + remeshing features in
COMSOL.
The obtention of the rotational components of the translating
sphere revealed the complexity of the particle’s dynamics as it
moves along its trajectory. This behavior clearly differs from the
one observed in straight channels due to the presence of Dean
flows in the small curve. Provided that particles seem to be trans-
lating along Dean vortices centerlines under focusing conditions,
this fact can already be used as a simplification of the simulation
by means of constrained variables because centerlines can be ob-
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tained with conventional CFD simulations alone. The elucidation
of the theory behind the apparent movement and focusing of
particles through vortices’ centerlines will require further studies
(its response to flow rate changes and particle’s confinement
ratio, among others). We believe that our analysis on angular
velocity components can be incorporated to simpler simulation
models to infer, at least as a first approximation, the evolution of
the angular velocity of the particle on its path through a curved
geometry, suppressing the need to perform computationally in-
tensive simulations with coupled solvers. The use of a complex
structure (the asymmetric serpentine) has probably improved our
understanding of the particle’s behavior in a way that it probably
couldn’t be achieved if we had simulated focusing conditions in
a simpler geometry (a spiral or a curved channel for instance),
for which Dean inversions and abrupt gradient changes hardly
occur.
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6
S T U D Y O F L O C A L I N E RT I A L F O C U S I N G
C O N D I T I O N S F O R S P H E R I C A L PA RT I C L E S I N
A S Y M M E T R I C S E R P E N T I N E S
6.1 introduction
In their 1961 paper, Segré and Silberberg reported the gradual
formation of a centered annulus of millimeter-sized particles
as they translated along a cylindrical pipe from cross-sectional
random initial positions [1]. They noticed how particles being
transported by the fluid through the inner region of the tube
moved radially outwards up to a distance 0.6 times the radius of
the pipe. Similarly, particles moving close to the walls of the tube,
moved inwards to the same position. The mechanism responsible
for the emergence of stable equilibrium positions for the particles
was later attributed to the existence of two opposing forces that
would balance each other at the equilibrium positions of the
particles; the shear gradient-induced lift force caused by the
shear rate of the velocity profile of the developed Poiseuille flow,
that would direct particles away from the channel center, and a
wall-induced (or wall effect) lift force caused by the interaction of
the particle with the walls of the tube, that would direct particles
away from the walls [2-5].
The merging of microfluidics with inertial focusing has pro-
vided researchers with interesting applications whose perfor-
mance can hardly be matched by conventional techniques in
other disciplines, particularly with fields related with flow cy-
tometry. One of the most remarkable features of inertial focusing
is the precision and reproducibility it offers to passively focus
cells and particles [6,7] while keeping them evenly spaced [8-11];
an invaluable characteristic when cells are required to move at
a certain constant distance from a detector and being regularly
spaced between each other over and over during a measurement
to avoid multiple detection. Inertial focusing positions are inher-
ently dependent on particle’s physical properties (its size, shape,
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deformability, . . . [12-15]). Particularly, both theoretical and ex-
perimental approaches have found a strong relationship between
the particle’s diameter and the inertial lift [16-19]. This fact and
other cell physical particularities (like rigidity and shape) are
further exploited to separate cells in a passive manner accord-
ing to these properties to either sort them, enrich a particular
sub-population [20-28] or to perform a solution reduction of a
sample (volume reduction) [29-31]. The selectivity that inertial
migration offers when it comes to the individual manipulation
of cells and particles without altering the surrounding fluid, can
be used to displace cells from one liquid solution to another in
what’s known as Rapid Inertial Solution Exchange (RInSE). RInSE
has been achieved in straight channels [32] and in expansion
contraction chambers [33].
The complex nature of inertial focusing has become a cumber-
some barrier for a detailed physical description of this process.
Hence, many authors have suggested the use of dimensionless
constants to quantify and characterize inertial focusing conditions
in microfluidic devices. A precise knowledge of the scaling laws
of the involved inertial forces has also been sought [5,6,16,34-38].
Such parameters generally depend on the size of the particles,
physical properties of the fluid (viscosity, density, flow rate, . . . )
and the geometric dimensions and features of the microfluidic
channels through which particles, cells, . . . are flowing within.
The achievement of proper inertial focusing conditions can then
be inferred from the values of these dimensionless constants and
variables with respect to known specific inequalities or diagrams
both deduced from experimental and/or numerical data. The
main purpose of these studies is the gathering of information
provided by the experimental conditions to produce state dia-
grams which outline the focusing conditions of particles in a
succinct manner; the outcome of the experiment can in principle
be deduced according to the position or parcel that the associated
dimensionless constants in a given experiment occupy in a state
diagram [6,34,37-40].
A well established criterion to characterize inertial focusing in
straight channels is based on the use of two dimensionless con-
stants, namely, the particle confinement ratio λ = a/Dh, where a
is the particle diameter and Dh = 2wh/(w + h) is the hydraulic
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diameter of the channel, where w and h are the width and height
of the channel; and the particle Reynolds number Rep = λ2ReC,
where ReC = ρUMaxDh/µ is the channel Reynolds number, ρ is
the density of the fluid, UMax the maximum velocity of the flow
in the channel and µ is the fluid viscosity. For a given channel
geometry, inertial effects over particles will only occur if the
value of the aforementioned constants simultaneously exceed
a threshold which, in the case of the confinement ratio, prior
research determined to be λ > 0.07 [6] and, in the case of the
particle Reynolds number, Rep ≥ 1 [41]. The strict application of
these conditions, however, seems not advisable since the focus-
ing/defocusing transition appears to lay in a somewhat diffuse
frontier; inertial focusing has also been observed for Rep < 1
[42,43] and, simultaneously, for λ < 0.07 in curved channels
[37]. The threshold in the particle confinement ratio may be at-
tributed to the dependence of the shear gradient lift force, that
causes wall-directed inertial migration of particles across the sec-
tion of the channel, with this parameter (inertial lift force scales
as FLi f t ∝ a2λ near the channel centerline). The existence of a
threshold for the particle Reynolds number, on the other hand,
incorporates the need of a minimum flow rate so that inertial ef-
fects of the fluid are significant for inertial migration of particles
to occur.
When curved channels are used, an additional secondary trans-
verse flow, known as Dean flow, appears as a superposition to
the main flow. A detailed description about the origin of this
secondary flow can be found in the literature [44-46]. The dimen-
sionless number that characterizes the strength of Dean flows
in a curved channel is the Dean number, De = ReCδ1/2, where
δ = Dh/2r is the curvature ratio and r is the mean radius of cur-
vature of the channel. If secondary flows are strong enough, the
focusing positions of the particles may be influenced by the drag
induced by the Dean flow. Eventually, the stability of the focusing
positions can be compromised if Dean flows surpass a given limit
making the whole system to become unstable. Aiming at finding
a parameter to characterize particle focusing conditions in curved
channels, some authors proposed the use of a ratio between lift
forces (FLi f t) and the drag caused by Dean flows (FD), the inertial
force ratio, R f = FLi f t/FD [6,37,38,40]. The value of this ratio is
149
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
6.1 introduction
therefore useful to predict the outcome of the interaction between
inertial lift and Dean drag forces on the particles’ equilibrium
positions in a curved channel; no change in the focusing positions
(FLi f t  FD), the positions are modified ( FLi f t ≈ FD ) or stable
trajectories are completely destroyed by Dean flows (FLi f t  FD).
Inertial focusing in curved geometries are credited with supe-
rior focusing and particle control capabilities. The presence of
Dean flows can favor the destruction and/or emergence of new
stable focusing positions with respect to a straight channel. This
can lead to a reduction in the number of stable trajectories to a
reduced number of selectable positions whose existence depends
on Re, λ and De. Additionally, Dean drag allows faster focusing
than in straight channels because it aids particles in sweeping
the section of the fluidic channel to find their focusing position
faster [41]. Due to the dependence of Dean drag and inertial
lift to particle size, inertial focusing in curved channels enables
unique particle size-dependent equilibrium positions which can
be used for selective positioning and sorting [7,20,39,40,47-50].
This chapter is devoted to the introduction of a series of novel
approaches for the characterization of inertial focusing of spheri-
cal particles under the influence of Dean flows. We present differ-
ent focusing measurements consisting in the quantification of the
degree of spreading (DoS) of a streak of fluorescent polystyrene
beads moving in an asymmetric serpentine under inertial focus-
ing conditions. This analysis is applied over a series of averaged
video frame images obtained at different flow rate conditions,
channel aspect ratios and particle diameters. The characterization
takes place in one of the smaller curves of the serpentine, where
Dean flows are more intense and inertial lift forces over the par-
ticles, due to the velocity gradients, are stronger. The degree of
spreading of the particles is not limited to an intensity profile
measurement at a particular section in the channel like in prior
studies [38-40,48-50], but to an extended measurement across
the entire area defined by the small curve region. The employed
method allows to capture fine variations of focusing conditions
in the curve caused by local flow field conditions. Additionally,
we express the DoS according to a modulating parameter intro-
duced to take account of the transverse flow conditions in the
nearby region of the trajectory of the particles. We make use
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of results obtained from numerical simulations in the previous
chapter to highlight the apparent preference of particles to move
along Dean vortices centerlines. In the last section, we provide a
possible explanation for this phenomenon founded in the shear
profile of the transverse flow.
6.2 methods
6.2.1 Spreading degree map
A custom-developed algorithm was sequentially applied over
1024× 768 resolution images obtained from video frame averag-
ing during which the flow rate was kept constant. Each averaged
image was then representative of a given flow rate, particle size
and channel geometry. The flow rate was varied between each
video acquisition from 30− 50 µL/min up to 310− 400 µL/min
in 10 µL/min steps. A whole set of averaged images was then
obtained for a given channel geometry (height) from a fixed
portion of the serpentine (a small turn) and fixed particle size.
Prior to any image analysis, an 8-bit conversion to grayscale
and a background subtraction is performed over each image
in the set. The resulting image contains intensity streaks of the
particles in the small turn. The code then performs a column-to-
column scan of the image to find the maximum intensity values
at each column to obtain a first approximation of the pathline
followed by the particles in the small turn; particles cast a fluores-
cence streak whose intensity in the final image is proportional to
the number of particles traveling through the same path. This pro-
cess generally gives more than one maximum value per scanned
column at two different positions. If this happens, the code se-
lects an average of the positions were the maximums have been
found.
Although a smooth trajectory for the pathline defined by the
maximum intensity regions is expected, the points found during
the previous step are not always aligned in such a way that
a smooth path is obtained if the points between columns are
connected. In order to obtain a more realistic pseudo trajectory of
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Figure 6.1: Left image: The pseudo trajectory (black dashed line) is
found in the processed image where the particle streak is
visible. Transverse profiles are traced at each point of the
pseudo trajectory (white lines). In order to keep a good
visibility, only 10 % of the total number of profiles are plot-
ted in this image. Center image: Intensity profile for the
red highlighted profile of the first image. The degree of
spreading is calculated with respect to the center of the
distribution and employing intensity values as weighting
parameters. Right image: Stacked transverse profile inten-
sities and overlapped degree of spreading curve (red line)
for each i value. The white arrow represents de value of the
DoS in the highlighted profile at the i− th line.
the particles,1 a smoothing function with an appropriate span and
regression method is used to smooth the data points. After that,
perpendicular segments are defined at each point of the pseudo
trajectory employing the positions of their adjacent points to
determine its direction (Figure 6.1). Said segments are centered
with respect to the pseudo trajectory while its length is kept
constant, no matter of its orientation, at 400 pixels (∼ 154 µm)
ensuring that the entire width of the fluidic channel is contained
within the segments.
An internal MATLAB function is used to extract the intensity
profile values along each perpendicular segment. After that, a
further adjustment is conducted on the intensity profiles consist-
ing in a fitting of an off-centered Gaussian function to correct
1 The pseudo trajectory can be thought of as the trajectory that particles will
follow with the highest likelyhood at the given conditions.
152
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
study of local inertial focusing conditions for
spherical particles in asymmetric serpentines
the positioning of the segments whose centering accuracy might
be compromised by a displacement of the calculated pseudo tra-
jectory with respect to the particles’ trace. Stacking all intensity
profiles allows to map the original image to a new 400× 766 reso-
lution image in which the pseudo trajectory is now a completely
straight line (Figures 6.1 and 6.2(a)). The degree of spreading
at each intensity profile is calculated as a weighted standard
deviation of pixel intensities from the pseudo-trajectory as:
DoS (i) =
√√√√400∑
j=1
c (i, j)
∑400k=1 c (i, k)
(j− 200)2 (6.1)
where c(i, j) is the 8-bit intensity encoded image with column
index i running from 1 to 766. The indexes j and k run across the
entire width of the transverse segments, from 1 to 400.
When plotting these results for different flow rates a surface,
the spreading degree map, is obtained (Figure 6.2(b)). The lower
regions on this surface represent the conditions (flow rate and
position in the curve) for which the best inertial focusing is
achieved. These measurements are repeated for different particle
diameter/channel aspect ratio combinations to obtain a more
general picture of the inertial focusing behavior. This approach
gives rise to a richer and more detailed view of inertial focusing
conditions of particles since the whole fluidic curved region,
with its flow features acting over the particles at each point of
the curved trajectory, is considered for the analysis.
We speculate about the possibility that the observed faint
structures (crests, saddle points, local minima,...) in some of the
spreading degree maps, reflect how particles are affected under
the influence of the local flows around them (streamwise main
flow and net transverse Dean flows) by means of the influence
of their gradients in the vicinity of the sphere’s surface, being
this flow in turn influenced by the particles’ behavior and the
channels’ geometry.
6.2.2 Modified Dean number
It is clear from the results obtained in the simulations for the Dean
flow in serpentines in Chapter 5, that the influence of the adjacent
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(a)
(b)
Figure 6.2: (a) Degree of spreading of the fluorescent streak (red plot)
of 3 µm particles in a 37 µm high channel overlapped to
the mapped intensity profiles (false color). The DoS curve
is smoothed so that a more reasonable curve is obtained
(dashed white line); (b) Spreading degree map for the same
particle size and channel geometry. The DoS curve from (a)
is overlapped to the spreading degree map (white dashed
line).
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big turns plays a decisive role in the flow field development in
the small curve, i.e., the velocity profile has no axial symmetry
along the small turn and hence the transverse flow profile departs
from the expected Dean flow near the boundaries between the
big and small curves. Dean number was originally interpreted
as a criterion to quantify the effect of curvature in a pipe to its
flow rate in terms of the applied pressure; how the pressure in
a curved pipe has to increase to maintain a given flow rate if
the curvature of the pipe is increased or, equivalently, how the
flow rate in a pipe is decreased when its curvature is increased
and the pressure kept constant [44,51]. It became an indirect
measurement of the strength of lateral flows in pipes of constant
curvature.
A more detailed description of Dean flow intensities requires a
local quantification of the transverse velocity distribution in the
small turn. Since we are interested to link Dean flow intensities to
empirical values such as the degree of spreading parameter, we
made use of previously found transverse profiles of the pseudo
trajectories in the experimental section to determine flow charac-
teristics at said profiles. More specifically, the points obtained for
the transverse profiles in the averaged images of the small turn,
were introduced to COMSOL to obtain the values of interest at
said points in the simulation domain. Besides a frame of refer-
ence transformation between the pixels in the averaged image
and COMSOL’s geometry frame of reference, the translation to
the simulation domain required to extend the two-dimensional
profile to a third dimension. To do so, the profile points of the
previous section are translated vertically, perpendicularly to the
image. These points are coplanar to a plane perpendicular to
the pseudo trajectory and it is where the data is calculated in
the CFD simulation. This procedure was performed through a
MATLAB code which produced a text file with the transverse
planes’ points that could be exported to COMSOL. Instead of
considering the whole section of the channel for this analysis, the
number of points of these transverse planes was limited to the
nearby points to the pseudo trajectory, the region where the flow
has a more direct influence over the particles. For instance, the
transverse planes’ dimensions in the case of 10 µm spheres in a
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73 µm high channel were 20 µm × 20 µm and 14 µm × 14 µm in
the rest of particle sizes and channel geometries.
The height variation of the pseudo trajectory with respect
to the total height of the channel in the case of 10 µm beads
in the 73 µm channels was less than 4 % along the small turn
(Figure 5.1). Consequently, we made the assumption that the
transverse planes thus defined are approximately perpendicular
to the pseudo trajectory at all points for all the bead sizes and
microfluidic chip heights. By defining a perpendicular plane,
based on the empirical results of polystyrene beads moving in
focused stable trajectories, and referring flow parameters to said
plane, a direct relationship is expected between the degree of
spreading; the tendency of particles to move and being confined
in a narrow region of the channel, and the intensity of the sec-
ondary flows, numerically calculated, throughout the channel.
This relationship may be explained by the role that Dean drag
and inertial migration effects have over the beads in a direction
perpendicular to its trajectory; the only sources from which lat-
eral displacements of the beads, to either tightly confine them to
a single pseudo trajectory or to slightly defocus them, may be
attributed to. Given the magnitude of the secondary flows in the
microfluidic channels, even at low flow rates, it is also expected
the effects of Dean drag over the particles to be strong enough
so that a direct relationship between transverse flow strength
and degree of spreading of the particles can be achieved at a
pointwise and localized level; though differing by some factor,
the streamwise flow and Dean flow velocities are of the same
order of magnitude when the flow rate is sufficiently high and
particles achieve focusing conditions (Figures 5.6 and 5.7). Ad-
ditionally, the length scales of the deviation of the width of a
focused stream of particles (typically, with standard deviations
of the order of one particle diameter) is small compared to the
typical channel dimensions involved. We can then argue that
the amount of focusing, hence the involved physical phenomena,
that a stream of particles experience is taking place inside the
time span during which the streak of particles is exposed in the
small turn.
To characterize the transverse flow responsible of the focusing
behavior of particles we choose to calculate, as a quantification
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parameter, the vorticity of the velocity components of the flow
contained within the transverse planes (the vorticity component
perpendicular to the transverse planes). Assuming a direct rela-
tionship between vorticity and secondary flows, we can use these
results to modulate the influence of Dean flows in the channel.
Initially, the x and y vorticity components at each point of the
transverse planes are calculated within COMSOL using internal
derivative operators applied to the calculated velocity field. A
MATLAB function then calculates the perpendicular component
of the vorticity at each point of the transverse planes in terms of
their orientation. The vorticity values for every point at a given
plane are then added up to obtain the total vorticity magnitude
of that plane. After this process has been repeated for all the
transverse profiles, a set of vorticity magnitude data points are
obtained permitting to have a general picture of the intensity of
Dean vortices with respect to the position of the particle in the
fluidic channel.
In order to express the variation of the Dean flow intensity
in relative terms, the flow field distribution of an annular fluid
domain, with the same radii and thickness of the small turn,
was simulated. The stationary solution of the velocity field for
this geometry, from which the total vorticity values in a single
transverse plane were also calculated, can be interpreted as the
canonical form of a typical Dean flow pattern. Periodic flow
conditions were also applied in this case at the inlet and outlet
boundaries and the total vorticity from one single transverse
plane was calculated. This time, the transverse plane is oriented
in terms of the geometry of the toroid and not with respect to any
given trajectory of a particle; it is oriented radially with respect to
the toroidal fluid domain because focused particles in a toroidal
pipe are expected to move along circular pathlines whose center
coincides with the symmetry axis of the toroid. The modified
Dean number is then expressed as:
De∗ (i) = De
Vorticityserpentine (i)
Vorticitytorus
(6.2)
where De is the calculated Dean number in the corresponding
toroid and the index i makes reference to the transverse planes
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used in the serpentine. The transverse planes are indexed column
by column, at the beginning of the process, during the image
analysis step.
6.3 results and discussion
6.3.1 DoS and spreading degree map
Figure 6.3(b) shows a representative plot of the degree of spread-
ing for a given particle size. Local minima of the DoS, marked
with green dots, indicate the positions at which the stream of
particles experiences a local tightening; positions preceded and
followed by regions with a lesser amount of focusing. In most of
the cases, two local minima are found for the degree of spreading
along the focused streak of particles at a given flow rate.
Figures 6.4 and 6.5 shows the calculated spreading degree
maps for different channel heights and particle diameters. The
position of the DoS’s local minima vary with the applied flow
rate giving rise to stability valleys across the spreading degree
map surface indicating the positions where the best local focus-
ing conditions are achieved for a given flow rate. The general
trend that can be inferred from the spreading degree maps is
that the small curve region outputs smaller degree of spreading
coefficients than those produced in the big curve, i.e., the DoS at
the inlet (left hand side of the map) is always bigger than that at
the outlet (right hand side), implying that the stream of particles
defocus at the big turn when its action is considered globally.
The two vertical black dashed lines in the maps indicate the
position at which the pseudo trajectory crosses the geometric
boundary between the small and the big turns. The fact that
these are not completely straight vertical lines is explained by
the fact that the pseudo trajectory’s shape, as well as its relative
position with respect to the walls of the channel, changes with
the flow rate. Particles move from left to right in the maps (to-
wards increasing pixel column number) so that the left boundary
represents the inlet to the small curve and the right one is the
outlet. These lines are useful to determine which regions of the
spreading degree map correspond to the small and big turn
regions. In some cases, the local minima (green dots) tend to
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(a)
(b)
Figure 6.3: (a) False color image of fluorescent streaks of particles in the
small curve. The streak’s perpendicular section is partially
hidden at the lateral borders of the image due to its oblique
trajectory. The analysis algorithm marks with red dots the
positions at which the streak reaches the border of the image
so as to ignore the values of the DoS beyond these points;
(b) Degree of spreading for a given particle size. The green
dots are the local minima values of the DoS.
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Figure 6.4: Spreading degree map for 10 µm particles in 73 µm high
channel. The geometric boundary of the small curve is
delimited with black dashed lines.
first develop and remain inside the small curve region up to a
given flow rate, beyond which the right local minimum enters
the big curve of the serpentine. The left local minima are always
contained within the small curve regardless of the particle size
and the applied flow rate.
When comparing the focusing behavior of the same particle
size for two different channel heights, we see how focusing
for 3 and 6 µm particles is achieved faster in the 44 µm high
channels (especially in the case of 3 µm particles) as the flow
rate is increased (Figure 6.5). The spreading degree maps for
the 3 µm particle shows how, for the 44 µm channel, particles
are completely focused at around 90 µL/min whereas focusing
occurs at 140 µL/min for the 37 µm channel. Still comparing the
focusing behavior for a fixed particle size (3 or 6 µm particles),
we see how the DoS coefficient happens to reach smaller values
(streak of particles more confined) in the 37 µm channel once
focusing conditions are fully achieved, something that appears to
be in concordance with its bigger particle confinement ratio value
(λ ( = 3 µm, h = 37µm) = 0.06 and λ ( = 6 µm, h = 37µm) =
0.11 against λ ( = 3 µm, h = 44µm) = 0.05 and λ ( = 6 µm,
h = 44µm) = 0.1).
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(a) (b)
(c) (d)
Figure 6.5: Spreading degree maps for 3 and 6 µm particles in 37 and
44 µm high channels.
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It should be noted that, for the 3 µm particles case, focusing
takes place for particle Reynolds values below 1 in the 44 µm high
channel (Rep(Q = 130 µL/min) ≈ 0.16),2 which is not surprising
given that other authors reported the focusing of particles for
Rep < 1 as well [45,46]. More remarkable is probably the fact
that for the 37 µm channel Rep(Q = 130 µL/min) ≈ 0.21, yet full
focusing is not quite achieved at this flow rate. These results sug-
gest that, while focusing happens at lower flow rates in the 44 µm
channel, this comes at the expense of a less defined streak than
the one obtained in the 37 µm channel. The flow field distribution
in the lower aspect ratio channel (h = 37 µm, w = 100 µm) ap-
pears to have a greater influence in keeping particles (especially
3 µm particles) entrained in the Dean vortices at flow rates for
which these same particles are focused in the 44 µm high chan-
nel. Likewise, as the flow rate is increased above the focusing
threshold, bigger particle confinement ratios for a given particle
size, guarantee a smaller DoS coefficient. Unsurprisingly, 6 µm
particles achieve smaller DoS values (better focusing conditions)
than 3 µm particles for a given channel height. This is mainly due
to the strong dependence of the inertial lift force with the particle
diameter (FLi f t ∝ a
3/Dh).
The fact that 3 and 6 µm particles reach focusing conditions
faster in the 44 µm channel for a given particle size seems to
contradict the inertial force ratio argument, R f = FLi f t/FD, given
its inverse relationship with the hydraulic diameter cubed, R f ∼
(2ra2)/D3h f (Rec, xˆ0, h/w) [38], where r is the biggest radius of
curvature of the system, a is the particle’s diameter and f (Rec, xˆ0,
h/w) is a coefficient that depends on the channel Reynolds num-
ber, the normalized position of the particle in the section of
the channel and the aspect ratio of the channel [4,5,17]. We are
assuming here a small variation for the f coefficient between
h = 44 µm and 37 µm with respect to the quotient (2ra2)/D3h;
variations of the normalized equilibrium positions and aspect
ratios between each channel height are considered small whereas
Rec is the same or varies very little between channel sizes at
the applied flow rates. Additionally, f is assumed to vary sig-
2 Velocity magnitudes required to calculate the Reynolds number and other
nondimensional constants were obtained through simulation of the microfluidic
channels.
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nificantly only beyond a given flow rate which, in the case of
a straight channel happens to lay somewhere around a corre-
sponding channel Reynolds number of Rec ∼ 60 [16]. In our case
the flow rate at this Rec is around Q = 130 µL/min for both the
37 and the 44 µm high channels. If R f value is to be taken as
a threshold for inertial focusing to occur, it would be expected
that particles would focus faster (as the flow rate increases) in
the 37 µm channel, again, assuming that the coefficient value f
does not change significantly between each channel height and
that it remains approximately constant below Q = 130 µL/min.
Another aspect in which these results reveal an inconsistency is
in the fact that focusing of 3 µm particles takes place at smaller
values than the set threshold of the inertial force ratio, R f ' 0.08
[38], R f ( = 3 µm, h = 44 µm) ' 0.022.
6.3.2 Degree of spreading in terms of De∗ for different a/Dh and Q
Figure 6.6 shows the results of the normalized local vorticity
along the pseudo trajectory and the DoS in terms of the De∗ in
the small curve for the 3 µm particles in the 37 µm high channel.
Additional results for the rest of particle sizes and channel heights
are available in Appendix 3 (Section 10.1). It is observed how
the normalized vorticity achieves higher values in 44 µm and
37 µm high channels (Figure 6.6(a) and Figure 10.2(a) et seq. from
Appendix 3). For all the channel geometries, the normalized
vorticity value exceeds 1 at the middle region of the small curve
indicating that the vorticity in that region is higher than in the
corresponding toroidal channel (whose dimensions are generally
used to determine the value of the Dean number in curved
channels). As particles enter the small curve, they gradually
move towards regions with greater Dean vortex intensities forced
by the drag imparted by the main flow, they reach a maximum
(the central region of the small curve) and then the normalized
vorticity reduces again as they penetrate the big curve domain.
The influence of a succession of alternating turns decreases the
strength of the vorticity in the rest of the channel, presumably
because the influence of the vortex rotation transition regions
(located between the small and big turns) extends well beyond
the geometric boundary of the small and big curves. The relative
163
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
6.3 results and discussion
displacement in the x direction of the normalized vorticity curves
with the flow rate is a consequence of the displacement of the
pseudo trajectory as the flow rate is increased.
The DoS(De∗) curve (Figure 6.6(b)), presents a concise view
of the quality of the focusing of particles at different flow rates,
and how this focusing is affected by the modified Dean number
(the local Dean flow around the particle). The general trend (as
it can be deduced also from the spreading degree maps) is that
the DoS value is reduced in the small curve (the initial DoS(De∗)
value is higher than the last value for all the curves) with the
only exception of the paths for 130, 150 and 180 µL/min in Figure
10.4(b). Since this behavior is described in a limited range inside a
periodic unit of the serpentine, the small curve and its immediate
inlet and outlet surroundings that penetrate the big turn domain,
it is plausible to think that the DoS coefficient will increase beyond
the region of analysis (the central region of the big curve, were
Dean flows are weaker due to the bigger mean radius and the
decrease of Re) as we move with the streamwise flow, and it will
be quickly reduced as we approach the next small curve inlet
again. When analyzing a complete period of the serpentine, a
closed path for the DoS(De∗) curves in Figure 6.6(b) is expected.
In some cases it can be seen how the focusing of particles
improves with increasing De∗ (100, 130 and 180 µL/min in Fig-
ure 10.2(b)), hence the DoS is reduced, or diminishes (250 and
300 µL/min in Figure 10.3(b)). Hysteresis effects for the DoS
are present for most of the systems. It is particularly notice-
able how, once the maximum De∗ value is reached, the system
hardly returns through the same path (with some exceptions, like
150 µL/min in Figure 6.6(b) and 130 µL/min in Figure 10.3(b));
most of the times a change in the tendency (sometimes abruptly)
of the DoS(De∗) curve is observed around the maximum value of
the modified Dean number. In some situations the system returns
through a path with smaller DoS values (all flow rates in Figure
10.1(b) to name a few) and, at other times, it returns following
a path with a higher DoS (250 and 300 µL/min in Figure 10.2(b)
and 130, 150 and 180 µL/min in Figure 10.4(b)).
In trying to better understand the particle’s focusing behavior,
we find it useful to describe the evolution of reference points,
the local minima in the DoS(De∗) curve, as a function of the
164
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
study of local inertial focusing conditions for
spherical particles in asymmetric serpentines
(a)
(b)
Figure 6.6: (a) Normalized simulated local vorticity vs position in the
small curve of the serpentine calculated along the exper-
imental 3 µm beads’ pseudo trajectories at different flow
rates in the 37 µm high channel; (b) Evolution of the degree
of spreading experienced by the same particle in the same
channel in terms of the modified Dean number in the small
turn. Vertical dashed lines are the Dean numbers of the cor-
responding toroid with the same geometry that the small
curve. Colored arrows indicate the evolution sequence of
the DoS as the particle moves through the small curve. Green
dots represent the local minima of the DoS for a given flow
rate and their evolution is represented with straight black
lines.
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De∗ and the flow rate (green dots in Figure 6.6(b)). When the
flow rate is increased, as long as it is maintained below a certain
threshold, the DoS(De∗) curve reveals the tendency of the DoS
minima to move towards regions with higher values of transverse
flow magnitude (De∗), as if higher Dean flow intensities were
required to maintain the best focusing conditions when the flow
rate is increased (green dots in Figure 6.6(b) and Figure 10.1(b)
et seq.). Above a certain limit, however, the minima tend to be
displaced to regions with a lesser amount of De∗ as the flow rate
is increased. This fact implies that, as the flow rate changes, the
best focusing conditions are found in those regions of the curve
where Dean flow drag effects over the particles are such that its
balance with inertial lift forces are optimal. As shown in Figure
6.7, as the flow rate is increased, the local minimum next to the
small curve inlet (left green dot) is slowly displaced upstream,
towards the small curve inlet, where the relative transverse flows
are smaller. The change in position of the other minima occurs
much more abruptly since, above a certain flow rate threshold,
the minima position jumps an appreciable distance from the
inner region of the small curve to the beginning of the big curve
domain. This overall behavior suggests the existence of optimal
inertial focusing points as a consequence of the particularities
of the surrounding local flow field around the particle and that
focusing conditions are instantaneously affected by the variations
of these flows along the trajectory of the particles as seen in the
DoS curves.
6.3.3 Pathlines through vortices’ centerlines
As already pointed out in the previous chapter, a joint analysis
of fluid dynamics simulations and inertial focusing experimental
results, reveals a strong tendency of the focused stream of parti-
cles to translate through Dean vortices’ centerlines. This behavior
is maintained for a wide range of flow rates as the streak of parti-
cles moves towards the outer wall of the small turn following the
vortices’ centerlines as the Dean number (flow rate) is increased.
Figure 6.8 illustrates, from a zenithal view, how the fluorescence
streaks of particles along the small curve approximately coincide
with the vortices’ centerlines in the CFD simulation as the flow
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(a) (b)
(c) (d)
(e) (f)
Figure 6.7: Evolution of the position of the DoS local minima for 3 µm
beads in the 37 µm channel with respect to the simulated
transverse flow magnitude in response to an increase of the
flow rate. Although the transverse flow is calculated at the
half-height of the channel (z = 18.5 µm), this gives a visual
estimate of the strength of the transverse flows at a given
position.
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rate is varied and the central region of the vortices evolve in
shape accordingly. Additional pictures of different particles and
channels are available in Section 10.2 from Appendix 3. The FSI
simulation, which incorporates the effects of the perturbed flow
field through its interaction with the particle, shows how the
 = 10 µm particle is contained at all times at the center of the
upper vortex as it moves along the small curve (Figure 6.9).
The movement of the vortices’ centers towards the outer wall
as the flow rate is increased is a phenomenon already observed
in channels of constant curvature [46,52]. Likewise, the outwards
lateral displacement of a focused streak of particles has also been
reported in previous studies in spirals and curved channels as
either the flow rate or the curvature of the channels are increased
[5,20,37,38,52,53]. It is known that in our situation, when the
focused streak is located in the central region of a curved chan-
nel, far from the lateral walls, said streak is in fact composed by
two trains of particles mirrored in z, as opposed to the single
streak that normally develops in the nearby region of the inner
wall [20,34,37,53]. This situation implies that particles cannot
occupy the half-height region of the channel, where Dean flows
are stronger [34,52,54,55]. Instead, it is assumed that they will be
located at regions with small Dean flows [37]. In all studied cases
in the literature, however, the idea that Dean drag/shear gradient
lift force balance is a determinant factor is an extensively em-
ployed argument when trying to explain an unify all the physical
processes that describe the focusing conditions of particles as the
parameters of the problem change. This fact implies that, while
working under inertial focusing conditions, particles being held
in equilibrium in a stable trajectory inside curved channels are
under the influence of secondary flows so that a net force (Dean
drag) counteracts inertial lift forces.
The emergence of two stable trajectories, mirrored in z, in
the 73 µm high serpentine (Figure 5.1) supports the simulation
results since each trajectory can be assigned to the upper and
lower counter-rotating Dean vortices’ center. This fact suggests
that particles in curved channels, focused under inertial focus-
ing mechanisms in the exposed conditions, are partially shielded
against the influence of Dean drag because they translate through
regions with small net local lateral flows, the centerlines of Dean
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(a) (b) (c)
(d) (e) (f)
Figure 6.8: False color images of focused  = 10 µm fluorescent par-
ticles in the h = 73 µm channel at different flow rates.
Overlapped to the images are velocity modulus isosurfaces
(white) of the transverse flow field obtained in the CFD sim-
ulation. The values at the isosurfaces for increasing flow
rate are a) 5× 10−3m/s, b) 1.2× 10−2m/s, c) 2× 10−2m/s,
d) 2.5× 10−2m/s, e) 3× 10−2m/s and f) 4× 10−2m/s . The
top and bottom layers of the isosurfaces have been removed
in order to expose the characteristic vein of the central re-
gion of the vortices’ centerlines in the small curve.
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Figure 6.9: Transverse (Dean) flow field distribution, streamwise veloc-
ity and transverse velocity magnitudes at different sections
of the small curve for the FSI simulation. Flow fields and
velocity magnitudes in each plane are represented for dif-
ferent times as the particle (white circle) moves through the
curve. In order to have a proper representation of the small
transverse velocity regions, the vector length of the velocity
field is plotted in logarithmic scale.
vortices [38,56]. A direct implication of the prior statement is that
the influence of Dean flow and its contribution to the modifica-
tion of the focusing positions is minimal; the vortices’ centers
play a decisive role in the particles’ pathline, whose development
is not simply determined by the balance of two forces (shear
gradient-induced lift and Dean drag) acting simultaneously on
the particles.
The geometry of the channels, with its corresponding Dean
vortices centerlines, will dictate the approximate trajectory of the
resulting streaklines of particles as inertial focusing conditions
are achieved. The natural question that arises is that if it is just
due to coincidence that particles translate through the centerlines
of the vortices or if it exists some physical phenomena which
imposes that such behavior must manifest if inertial focusing
conditions are to be achieved.
6.3.4 The origin of the Dean-induced inertial lift force
Given that in this approach the Dean drag contribution to inertial
focusing is being relativized, the emergence of a force, whose ex-
istence has never been postulated, to balance conventional Dean
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drag and inertial forces is necessary in order to take account for
the modified focusing positions in the serpentine with respect
to the rectangular section straight channel case. We speculate
about the possibility that regular lift forces, that stem from the
parabolic velocity profile in the streamwise direction, may have
a Dean-induced counterpart in curved channels whose action
would explain the apparent coincidence that stable inertial focus-
ing equilibrium trajectories approximately match Dean vortices’
centerlines. The origin of this force, that would act over the par-
ticles in superposition with conventional lift forces, could be
attributed to the velocity profile of the secondary flows and its
finite shear gradient.
Due to the characteristic velocity profile of the Dean flow in
a section of the channel, with an inflexion point between the
inwards/outwards (upwards/downwards) moving lateral flow,
and, by inferring the net sign of the product between the shear
rate and its gradient along a radial direction [2,41,57], it is ex-
pected that this Dean-induced lift force is always perpendicularly
oriented to the main flow and directed towards the center of the
vortex (Figure 6.10). This way, the vortical structure of the Dean
pattern, perturbs the trajectory of the particles not only because
of the imparted drag but also because of the inertial effects it
induces to the particles. This is a similar effect to the one that
takes place in an expansion/contraction channel, in which parti-
cles translate through streamlines under the influence of a vortex
(and, hence, the shear gradient of its flow profile) that develops
in an expanded chamber in the vicinity of the main channel
[43,58,59]. Like in the case of wall effect and shear-gradient lift
forces, this Dean-induced inertial lift is expected to be stronger
in the regions of the serpentine where velocity gradients are
stronger.
CFD simulations reveal that under some circumstances, partic-
ularly in the small curve at low flow rates, the position of the
centerlines of the vortices (represented as isosurfaces in Figure
6.8) approximately coincide with the maximum streamwise ve-
locity magnitude streamlines —vortex centerlines and maximum
velocity points of the streamwise flow overlap—. As the flow
rate is increased, the paths of the centerlines and the stream-
lines start to behave differently. The tendency of the focused
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particles is, however, to follow the centerlines of the vortices as
the flow rate is varied up to a certain limit. Although the shear
gradient-induced lift can be seen as the dominant contribution to
inertial focusing at low flow rates, i.e., a particle’s path follows
the region with the strongest (vertical) shear gradient (similarly
to what happens in a low aspect ratio straight channel), it lacks
an additional mechanism (which can be provided by the pro-
posed Dean-induced lift force) to explain the seeming affinity
of focused particles to remain at the center of the vortices (as
shown in the FSI simulation with  = 10 µm particles). In the
general case, when the streaklines do not necessarily coincide
with the region of maximum vertical shear rate, the action of a
Dean-related inertial force must be considered.
In order to quantify the strength of the proposed Dean-induced
lift force, named as FDeanLi f t , it can be noted that a theoretically
deduced formula for the lift forces for small Reynolds number
in a two dimensional parabolic shear flow of the form v =
α+ βz + γz2 is
FLi f t = Fw + Fs = ρU2maxa
4/D2h
(
β2G1 + βγG2
)
(6.3)
where ρ is the density of the fluid, Umax is the maximum velocity
of the fluid, a is the particle diameter, Dh is the hydraulic diam-
eter, β and γ are the shear rate and the shear gradient (second
derivative) of the velocity profile and G1 and G2 are parame-
ters that modulate the strength of the wall effect, Fw, and shear
gradient-induced lift, Fs, respectively, according to the position of
a particle in the section of a channel [2]. β, G1 and G2 depend on a
parameter s, the normalized position of the particle’s center with
respect to the channel,3 so that its position directly influences the
value of FLi f t. According to Equation 6.3 convention, the velocity
profile is expressed with respect to a frame of reference whose
origin is located at the particle’s center. Also by convention, a
positive force points towards the direction of increasing s and
vice versa.
Equation 6.3 was derived under the assumption that a/Dh  1
and Re 1. When these limitations are removed (by means of
3 For s = 0 or 1 the particle’s center is located at the upper/lower (left/right)
wall and for s = 1/2 the particle is translating along the middle of the channel.
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(a)
(b) (c)
Figure 6.10: Velocity profiles in the FSI simulation for the 10 µm iner-
tially focused particle in a 73 µm high channel at Q =
130 µL/min. Channel sections and particle dimensions are
to scale. (a) Middle section of the small curve with sim-
ulated flow velocity profiles around the focused particle.
Colored arrows (with different length scales between them)
depict the profiles for the main (red arrows) and Dean
flows (black and blue arrows). Dean vortices are depicted
with faint gray arrows; (b) The two main inertial forces, ~Fs
and ~Fw, are caused by the parabolic velocity profile in the z
direction and the presence of a wall near the particle. Short-
range wall-effect inertial lift is only appreciable near the
channel wall (~Fw ∼ O(wRe−1/2)) [5] where w is the width
of the channel). The maximum velocity for this profile is
v ≈ 0.58 m/s; (c) The Dean velocity profile in the vertical
(black) and horizontal (blue) directions cause opposing
Dean-induced lift forces. The maximum transverse flow at
this section of the curve turns out to be vtrans ≈ 0.14m/s.
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numerical calculations for instance), the magnitude of the lift
force changes dramatically although the shape of the theoretically
deduced formula is preserved [4,19]. This will serve us to prove
that the magnitude of the proposed lift force, that emerges as
a result of the Dean flow profile, is indeed strong enough to be
considered during inertial focusing effects when compared to
the conventional lift force magnitude caused by the streamwise
parabolic velocity profile. We used the same conditions employed
during the FSI simulation, for whom inertial focusing is known to
occur in the real experiment, i.e., a channel with 73 µm× 100 µm
section and a flow rate of Q = 130 µL/min. From these, β and γ
parameters are obtained from the flow profiles and the magnitude
of FDeanLi f t with respect to FLi f t can be estimated.
Figure 6.11 reveals how the velocity profiles from the opposing
inwards and outwards Dean flows can be approximated around
the maxima by a parabolic profile, which guarantees a proper
adoption of Fw and Fs from Equation 6.3 to obtain an estimate of
the Dean-induced lift force magnitude at least at regions away
from the vortices centers (where the profile has an inflexion
point).
Fitting results for the simulation of the profile from Figure
6.11 are shown in Figure 6.12(a) where the values of β coeffi-
cients for the streamwise and transverse (Dean flow) profiles,
which are evaluated across the channel height, can generally be
expressed as β (s) = A + Bs, where s is the normalized particle
height in the channel. The values for the γ coefficients, which
are constant, are γ ' −4,4 γoutwardsDean ' −16 and γinwardsDean ' 70.
The term inwards/outwards makes reference to transverse flows
moving to/away from the center of curvature of the small curve.
It should be noted that the outwards Dean flow is defined at
0.23 < s < 0.77, the region bounded by null transverse velocities
(Figure 6.12).
By taking the product β2G1, for the wall-effect lift, and βγG2,
for the shear-induced lift, the direction (the sign of the resulting
force) of the contributing inertial forces can be inferred from
4 For a two-dimensional Poiseuille flow (which incorporates the no-slip boundary
condition at the walls of a channel), β = 4 (1− 2s) and γ = −4. Generally, if
the parabolic profile is centered with respect to the channel, these coefficients
can be expressed as β = C (1− 2s) and γ = −C.
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(a) (b)
Figure 6.11: Simulated velocity profiles inside a 73 µm× 100 µm section
channel at Q = 130 µL/min. (a) The simulated streamwise
profile can be approximated by a parabolic profile in the x
direction of the form vx = α+ βz + γz2; (b) Inwards and
outwards transverse Dean flow profiles can be separately
approximated by a parabolic profile as well. Since these
profiles are vertically constricted due to the shape of the
Dean profile, β and γ coefficients will differ from those
obtained in the streamwise profile fitting. While being iner-
tially focused, particles tend to accumulate in the regions
within the green bands.
Figure 6.12. Since β2 > 0, the sign of G1 (s) completely deter-
mines the direction of Fw. The direction of Fs, on the other hand,
is determined by the product βγ (G2 (s) > 0 ∀ s). For example,
βDean (s > 0.5) < 0 and βDean (s < 0.5) > 0 (Figure 6.12(a)). Since
γoutwardsDean ' −16, Fs (s > 0.5) > 0 (pointing towards increasing s)
and Fs (s < 0.5) < 0 (pointing towards decreasing s). The same
procedure can be followed to deduce the direction of Fw and
Fs caused by the streamwise velocity profile and the inwards-
moving Dean flow profile.
The explicit lift formula from Equation 6.3 and the provided
β and γ coefficients can be used to obtain the strength of the
Dean-induced lift and the conventional lift forces caused by the
curvature of the streamwise velocity profile. This study, however,
needs to be performed by segments in the fluidic channel. For
instance, in the central region, we have that the contributing β and
γ factors for the Dean velocity profiles are βoutwardsDean ' 16 (1− 2s)
and γoutwardsDean ' −16. By making the proper substitutions in
Equation 6.3 we found that
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(a)
(b)
Figure 6.12: Values of β, G1 and G2 coefficients in terms of the normal-
ized particle height, s, for the streamwise velocity profile
and the Dean flow profiles from Figure 6.11. Data to rep-
resent G1 and G2 was obtained from [2]. Inward-moving
Dean flow profile is bounded by one single wall, hence, the
only contributing G1 values (those that force the particle
to move away from the wall) are plotted with a black solid
line. The central part of the Dean flow (the correspond-
ing to outward-moving flow) is delimited by dashed lines,
which correspond to the centers of the Dean vortices.
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FDeanLi f t = ρV
2
Deanmax
a4
Dh
βoutwardsDean γ
outwards
Dean G
outwards
2Dean '
− 14.8ρV2max
a4
Dh
(1− 2s)Goutwards2Dean (6.4)
where the values for VDeanmax = 0.14 m/s and Vmax = 0.58 m/s were
obtained from the simulation and the factor Goutwards2Dean , which is
defined in the central region of the channel (0.23 < s < 0.77), can
be found in the literature [2]. The Dean-induced lift force in the
upper region of the fluidic channel can be defined as5
FDeanLi f t = ρV
2
Deanmax
a4
Dh
((
βinwardsDean
)2
Ginwards1Dean +
βinwardsDean γ
inwards
Dean G
inwards
2Dean
)
'
0.01ρV2max
a4
Dh
(
(−123+ 139s)2 Ginwards1Dean +
(−123+ 139s) 70Ginwards2Dean
)
(6.5)
where VDeanmax in the upper (lower) region of the channel is
0.059 m/s and Vmax = 0.58 m/s. The coefficient β for the upper
region (0.77 < s < 1) is βinwardsDean = −123 + 139s (yellow straight
line in the upper region of Figure 6.12(a)).
Equations 6.4 and 6.5 together with Figure 6.13 reveal how the
proposed Dean-induced lift has a comparable order of magnitude
than that of the shear-induced and wall-effect lift forces there-
fore representing an important contribution to inertial migration
effects. As mentioned earlier, the magnitude of the lift forces is
expected to be much smaller than the one predicted theoreti-
cally when finite particle sizes and Re are considered. This effect,
however, will be noticeable for both, the Dean-induced and the
conventional lift, so a direct comparison between the magnitudes
of both forces is still reasonable.
5 Due to the proximity to the upper wall, this expression for the force also
incorporates the G1 coefficient that takes care of the wall-effects experienced by
the particles when they are close to the wall (upper black solid line in Figure
6.12(b)).
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Figure 6.13: A direct comparison between the non-dimensional conven-
tional lift, FLi f t, caused by the parabolic velocity profile of
the streamwise flow, and Dean-induced lift forces, FDeanLi f t .
For 0.5 < s < 0.77 both, FLi f t and FDeanLi f t add up to
push the particles to increasing s (they are both positive).
FDeanLi f t is negative in the region 0.77 < s < 0.89, meaning
that the shear from the Dean profile in that range will push
particles to decreasing s values, towards the vortex center.
The lift due to the conventional lift is negative for most
of this range so wall-effects will also contribute to push
particles towards decreasing s values. In the point-like ap-
proximation particles reach an equilibrium position due to
conventional lift forces at s = 0.8 [2] which corresponds to
a distance of 0.6 times the radius of the channel observed
by Segré and Silberberg [1], a position that happens to be
above the equilibrium position of the Dean-induced lift
force; the center of the Dean vortex.
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6.3.5 Focusing mechanism and early effects of Dean-induced inertial
lift force
In order to improve our understanding of inertial focusing mech-
anisms in an asymmetric serpentine by means of Dean drag
and inertial forces, a descriptive approach, supported by simula-
tions and experimental observations, about the initial stages of
focusing at the beginning of the serpentine is provided in this
section.
When focusing conditions are achieved (minimum flow rate
and correct particle size/channel geometry ratio), particles enter-
ing the serpentine at random positions are subjected to both, the
influence of shear gradient-induced lift and Dean drag. Besides
the effects produced by these two forces, an additional effect
caused by this hypothetical Dean-induced lift force would be
the gradual inward displacement of particles to the center of
either the upper or lower vortices. As in the case of the conven-
tional shear gradient lift, this force is entirely gradient-induced
in nature.
The migration of particles moving in the central region of a
given curve (between the upper and lower vortices centers) is
strengthen by the addition of this Dean-induced lift force with
the conventional shear gradient lift since they both push particles
away from the central region of the channel. For particles located
between the upper or lower wall and a vortex center, however,
the action of this force is dependent on the position of the particle
due to a sign inversion of the β coefficient for the Dean profile in
those regions (yellow plot in Figure 6.12(a)). Dean-induced lift
effect in the region 0.77 < s < 0.89 is analogous to wall-effect lift
since they both push particles away from the wall.
A possible explanation of how particles are gradually focused
to the final trajectory is that, as unfocused particles pass through
the succession of big and small turns, they are alternatively dis-
placed axially (counterclockwise-clockwise) under the influence
of the drag from the different Dean flow patterns that the parti-
cles encounter along the serpentine [56]. The effect of this vortex
center-directed Dean-induced inertial force is, however, additive
at each successive curve since it periodically pushes particles to
the center of the vortices no matter of its rotation direction as
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they encounter the Dean vortices at each big and small curves.
Particles will remain in a stationary trajectory once they reach
a focusing position for which a balance between the different
involved forces is achieved, a position that happens to be near
the Dean vortices centerlines. Due to its Dean flow direct re-
lationship, Dean-induced inertial lift effect will be minimal in
those regions where Dean flow gradients are small (mainly at the
vorticity transition regions) and maximal in those regions where
they are stronger (halfway through the small curves).
The mechanisms by which vortex center-directed migration
effects are attributed to this Dean-induced inertial force may be
used to explain why inertial focusing can also occur in symmetric
serpentines [6,50,56] since no net Dean drag effect —the product
of the joint effect of the flow pattern in the small and the big
curves — is required to reach inertial focusing conditions more
efficiently [41]. Inertial focusing in symmetric serpentines gener-
ally produce two (as seen from above) focused streaks. In Chapter
5 it was shown how particles in an asymmetric serpentine tend
to focus closer to the inner wall of the small curve (Figure 5.9) at
reasonable flow rates. The selective focusing to a single streak in
an asymmetric serpentine is essentially taking place in the small
curve as it is being favoured by the stronger gradients in the
small curve for 1) the streamwise flow (due to the smaller section
of the small curve) and 2) the smaller curvature radius (which
increases the Dean flow intensities and, hence, the strength of
the Dean-induced lift force in the small curve). The use of a sym-
metric serpentine, allows the particles to focus at two coexisting
stable trajectories, the corresponding to curves to the right and
to the left in the serpentine and, for the appropriate flow rate,
it allows the focusing of particles into a single trajectory. This
is because an increase in the flow rate will eventually led the
trajectories (which initially are closer to the inner walls of the left
and right curves) to move outwards form the center of curvature
until the two stable trajectories merge in a single one [49,56].
The existence of an additional Dean-induced inertial lift force
may provide an additional argument to explain why focusing of
particles occurs faster in curved geometries than in straight chan-
nels, where no lateral flows are present and the migration rate of
particles is exclusively attributed to the shear gradient-induced
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lift and the wall-effect inertial lift. Although Dean drag may be
seen as an ancillary effect that assists particles to sweep the sec-
tion of the channel to reach their equilibrium position faster [41],
the inertial forces that Dean flow induces to the particles may be
seen as an active component that speeds up this process or even
makes inertial focusing possible when Dean flows are present
because they speed up the translation of particles towards the
vortices centerlines.
Early effects of inertial migration and Dean drag can already
be noticed in the lateral view of the serpentine close to the inlet
for the 73 µm high channel (Figure 6.14(a)). Surprisingly, particles
tend to be quickly entrained in the upper and lower vortices,
much before the particles are completely focused. This fast sepa-
ration of particles into two separate populations, suggests that the
action of the shear gradient-induced lift in the vertical direction
(whose gradient is stronger in the vertical direction due to the
aspect ratios of the channels) causes particles to be displaced ver-
tically being entrained in the upper and lower vortices emptying
the central region of the channel in the vertical direction.
When observing the 44 µm high channel azimuthally, the first
sign of focusing is a progressive particle clearing at the inner
region of the small curves and the corresponding outer region
of the big curves (Figure 6.14(b)), creating two differentiated
regions, one in which there are no particles flowing within and
another one in which particles seem to be entrained in a convec-
tive motion around the vortices’ centers due to the Dean drag.
As particles enter the serpentine from the inlet, their position
gradually evolves as they move along the channel until the in-
ner region of the small curve and the outer region of the big
curve are no longer accessible by any particle. It would appear
that inertial lift forces, working in conjunction with Dean drag,
prevent particles from leaving this convective region once they
enter inside it after the particles have traveled a short distance
in the serpentine. For instance, for the 44 µm in height channel
and the 6 µm particles, the convective region is almost fully de-
veloped after the fourth big-small curve doublet when a flow
rate of 90 µL/min is applied. By inspecting Figure 6.14(b), it ap-
pears that the particle-free region formation is particularly fast
in the small curve as the streaklines in the inner region of the
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curve are already pushed to their final position in the first turns
of the serpentine. This effect is hard to explain by taking into
account Dean drag alone. Dean drag may explain the apparent
outward-moving tendency of the streaks but only if particles are
located close to the central region of the channel in the first and
successive small curves, where Dean flows are directed outwards.
This behavior suggests that, indeed, particles are being confined,
due to the effect of the described Dean-induced lift, to a region
where the influence of Dean flow drives particles away from the
inner wall in the small curve.
CFD simulations reveal how the lateral flow field in the big
curve exhibits a marked asymmetric pattern as the width of
the outwards moving streamlines in the central region increases
from the center of curvature out, while the upper and lower
lateral flow fields behavior is the opposite (Figure 6.15). Given
this lack of symmetry, stable upper and lower trajectories in
the big curve (green dots in Figure 6.15) appear to be closer to
each other than in the small curve. Since the flow velocity is an
order of magnitude higher in the small curve, it can be assumed
that the stable points for the small curve will be dominant over
the stable points of the big curve given the proportionality of
lift forces to the maximum velocity squared, the shear and its
gradient (Equation 6.3). Since the equilibrium trajectory in the
small curve is closer to the upper (lower) wall, as particles are
gradually driven to the equilibrium points of the small curve,
they will be eventually exposed, to a larger extent, to the inner
flow of the big curve as they move from the small to the big
curve speeding up the process of particle clearing in the outer
region of the big curve. In addition, the simulations also reveal
how upwards/downwards moving transverse flow is stronger
in the inner region of the channel’s section in the small curve
(Figure 6.10(c) and lower picture in Figure 6.15). This fact implies
that particles will experience a stronger Dean-induced lift with
an horizontal component in the inner region of the small curve,
a circumstance that probably contributes to clear this region of
particles faster.
In what appears to be a second focusing process, the rest of the
fluorescence streaklines in the convective region (red streaklines
in Figure 6.14(b)) are gradually displaced to the final equilibrium
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(a)
(b)
Figure 6.14: (a) Top and lateral images of 10 µm particles fluorescence
streaks taken at a position close to the inlet (7th doublet)
in the 73 µm high channel at Q = 130 µL/min; (b) Particles
in the process of being confined in the convective region
(red streaklines) at a position next to the inlet of the ser-
pentine for a 44 µm in height channel and 6 µm particles
at 90 µL/min. Fluorescence streaks are presented in false
color to improve clarity. Images of the streaklines were
taken in the first curves of the serpentine and its green
color was substituted by red. At this stage, Dean drag is the
dominant force for some of the particles translating along
a trajectory far from the Dean vortices centers. Overlapped
to each image is the same streakline image (colored in false
blue color) obtained once the particles are completely fo-
cused at the end of the serpentine. Yellow arrows indicate
the displacement undergone by the particles’ streaks con-
tour with respect to the previous curve. The white dashed
line in the last image delimits, from the left side, a region
that surrounds the final focused streak whose number of
streaklines has noticeably increased between the last two
images.
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Figure 6.15: Transverse flow fields and velocity magnitudes at the mid-
point sections of the big (widest section) and the small
curves in a 44 µm high channel at Q = 90 µL/min. Over-
lapped green markers represent scaled 6 µm particles lo-
cated at the approximate equilibrium trajectories deduced
from the zenithal views. The two upper and lower areas de-
limited by a dashed line are the regions at which particles
tend to concentrate after they are separated by a vertically
directed inertial lift force (pink arrows) in two populations.
Channel sections and particles sizes are to scale.
trajectory as particles move through the fluidic serpentine until
a single stable streak is observed at the end (blue streakline
in Figure 6.14(b)). This is, however, a relatively slow process
when compared to the convective region formation since, under
the studied circumstances, it takes almost the entire serpentine
length (24 doublets) to obtain a completely focused streak of
particles. The slow translation to the final equilibrium trajectory
may be explained by the fact that, at this stage, the dynamics
of unfocused particles is mainly governed by the influence of
Dean drag which can either drive particles closer or away from
equilibrium positions. As long as particles do not approximate
the equilibrium position they will be entrained inside the Dean
flows in the convective region.
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6.3.6 Contribution from other forces
A reasonable assumption is that inertial effects from the shear
gradient-induced and Dean-induced lift contributions are dom-
inant in the studied range of ReC, moderate aspect ratios and
confinement ratios and that other forces’ magnitudes, inertial
in nature (Saffman forces and slip-spin), are negligible in com-
parison [16,34,41]. A consequence of particles being entrapped
inside Dean vortices centers’, is that secondary flow’s slip-shear
effects are thought to be negligible as well given the flow field
distribution in that region; focused particles following a well
defined path do not lag/lead the transverse flow appreciably
when they are confined in the vortices’ centers (where the lateral
fluid velocity is small). Generally, slip-shear effects are thought
to be negligible unless an external force like gravity or mag-
netism is acting on the particle forcing it to lead or lag the local
undisturbed fluid. Additionally, slip-shear effects dependence
with a/Dh is an order of magnitude higher than in conventional
lift forces (in our experiments a/Dh ≤ 0.12). Assuming that the
particles would predominantly lag due to their interaction with
the walls, dominant slip-shear in Dean-induced inertial forces
would presumably push particles to regions where lateral flows
are stronger [60-63] (the center and upper and lower regions of
the channel), preventing particles from reaching the centers of
the vortices. It is therefore plausible that no other inertial effect
other than shear gradient and Dean-induced lift have a dominant
contribution as Dean flow develops in curved channels.
The influence of particles’ inertia can also be ignored when
it comes to the pathlines’ development. The Stokes number
in the studied range of flow rates and particle sizes is St =
2ρpa2Umean/9µL ≤ 0.1, where ρp is the density of the particle, a its
diameter, Umean and µ the mean velocity and the viscosity of the
fluid and L the characteristic length scale of and object found by
the fluid in the channel. We take L as the mean diameter of the
small curve of the serpentine.
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6.3.7 Relationship between the DoS and the Dean-induced inertial
lift force
Figure 6.6(b) shows how two local DoS minima tend to develop in
the fluorescent streaks of particles before and after the maximum
De∗ is achieved in the small curve. The emergence of these pair
of local minima takes place for almost all the flow rates in the
studied geometries and particle sizes as it can be seen in the
focusing degree maps (Figure 6.5). This behavior suggests that
there exists some particular spots in the curve where the focusing
of particles is optimal for a given amount of Dean flow intensities
and, when a given threshold is trespassed, the particles experi-
ence a slight defocusing. As the particles enter the small curve
they are gradually subjected to stronger Dean flows as they move
forward until a local minimum is achieved. The fluorescence
streak experiences a slight defocusing beyond this point as the
Dean flow intensity keeps increasing. When the particles exit the
region with higher Dean flows, the focusing improves again as
they move towards the small curve exit. The first DoS minima
position moves to smaller Dean flow regions as the flow rate
is increased whereas the second DoS minima position tends to
quickly move towards regions where transverse flow intensities
are negligible (De∗ ' 0). For higher flow rates (Q = 300 µL/min
and Q = 350 µL/min in Figure 6.6(b)) the DoS value in the first
minima becomes smaller than in the second minima. Occasion-
ally, it can be observed how DoS minima develop close to the
region with the strongest Dean flows for a given flow rate (curves
for Q = 100 µL/min and Q = 130 µL/min in Figure 10.1(b), Fig-
ure 10.2(b) and Figure 10.3(b)). Even in these cases, the described
trend of streak defocusing for higher Dean flows is also observed
when the flow rate is gradually increased.
Any given focused fluorescence streak is comprised by a vari-
ety of paths (each traced by a single particle) with small variations
between them in its geometry. The farther apart these paths are
from each other, the bigger the DoS coefficient will be at a par-
ticular point and vice versa. A finite DoS value represents the
experimental proof that particles from a focused streak follow
a plethora of trajectories and, therefore, they are subjected to a
range of forces depending on the positions that they pass through
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in a fluidic channel as they follow a defined pathline. The more
tightly confined the paths of the particles in a given streak, the
smaller the range of forces that the particles will experience.
From the secondary transverse flow perspective it is clear, in
view of the results obtained in section 6.3.4, that regions with
higher De∗are associated with a stronger FDeanLi f t acting over the
particles apart from a stronger Dean drag as well. Given that
particles in a single streak are following slightly different paths,
the net force (although infinitesimal in cases where focusing con-
ditions are exceptional) resulting from the combination of the
different acting forces over each individual particle, will increase
in magnitude -and, hence, its dispersion of values- whenever
the transverse flow field strength increases. From this, we can
argue that the defocusing suffered by all the streaks in the mid-
dle region of the channel, where Dean flows are more intense,
is due to small differences in the paths followed by the particles
in a given streak, and that those differences are magnified as
a result of a finite net force acting over the particles. Although
vortex center-directed FDeanLi f t is believed to act as a restitution
mechanism that forces particles to occupy the center of Dean
vortices, the Dean drag will inevitably influence the particle’s
trajectory whenever they translate along positions other than the
mathematical equilibrium position, a situation that will always
occur in a real experiment. Small variations in the particle’s path
will therefore not only translate into streaks with DoS coefficients
bigger than 0, but also to situations in which different trajecto-
ries experience the joint effect of forces with slightly different
magnitudes so that the effective section occupied by the focused
particles varies accordingly.
6.3.8 Conclusions
In this chapter we have presented conclusive results about the
focusing behavior of spherical particles translating along a vary-
ing transverse flow, i.e., the local strength of the transverse flow
field has an instantaneous effect in the particle’s focusing degree.
Besides minor differences between different geometries, particle
sizes and flow rates, the particles’ focusing behavior can generally
be described as follows. Below a given flow rate, the best focusing
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spots are located inside the small curve of the asymmetric serpen-
tine and placed before and after the region with stronger Dean
flows. The DoS minima tend to be displaced towards regions with
smaller Dean flows as the flow rate is increased. Above a given
flow rate the second DoS minima is displaced towards regions
with negligible Dean flows outside the small curve.
Simulation and empirical results revealed that the trajectories
of inertially focused particles in the asymmetric serpentine are
contained within the Dean vortices centerlines. This implies that
drag due to Dean flows and conventional inertial forces are not
in direct competition as suggested by previous studies when the
particles are translating through stable trajectories under inertial
focusing conditions.
In order to explain the apparent tendency of particles to move
towards the vortices centerlines as they move down the serpen-
tine, a new inertial force, that emerges in curved geometries, has
been proposed. It is found that, in the limit of small Reynolds
number and particle size, the magnitude of this force, whose
origin is due to the sheared profile of the transverse flow, is com-
parable to the inertial lift forces caused by the parabolic velocity
profile of the main flow. Taking previous theoretical studies into
consideration, it is believed that this result is also valid in the
limit of finite Reynolds number.
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7
G E N E R A L C O N C L U S I O N S A N D F U RT H E R
I M P R O V E M E N T S
The signal acquisition from the two interrogation regions and its
subsequent data treatment allowed to obtain a reliable detection
method for the cell lines in our optofluidic device and to obtain a
signal response even for undyed cells thanks to the detection of
autofluorescence signals. This system has proven its efficiency in
collecting faint (autofluorescence) signals even when the tension
of the PMT tubes was well below the theoretical maximum. The
robustness of this method is based in the correlation of the signals
generated by the two PMT’s, a process that improves the signal-to-
noise ratio (SNR) without having to abandon continuous pumping
and without the need to employ external apparatuses, i.e., a lock-
in amplifier, to perform a modulated signal post processing.
The interrogation region design turned out to produce sat-
isfactory results in the sense that the system is able to detect
single cells while producing a reasonable throughput which is
still far from commercial flow cytometers performance though.
The ability to detect single events (single cells passing through
the interrogation region) can certainly be attributed to the small
size of the interrogation volume itself, which greatly reduces
multiple cell detection. Although rare, multiple or cell aggre-
gates detection can be easily discarded by the algorithm without
compromising the confidence in the measurements.
From the acquisition perspective, one of the most notable im-
provements that could be incorporated in the setup is the use
of an logarithmic amplifier to increase the dynamic range of the
acquired signal. Between each measurement the voltage of the
PMT’s had to be adjusted in order to obtain a significant amount
of response without saturating the signal. The use of a detec-
tor with a linear response can certainly affect the measurement
process if the range of detected signals covers several decades
and the data acquisition card resolution is only able to cover a
variation of a couple of orders of magnitude from that signal.
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general conclusions and further improvements
The use of a logarithmic amplifier would allow to use higher
PMT voltages hence allowing to reduce the equivalent impedance
(the time constant) of the circuitry; a desirable feature when fast
events, like the fast passing of cells, are to be measured.
A straightforward hardware improvement that could be inte-
grated in the optofluidic device has to do with the increase of the
number of interrogation regions to further improve the SNR. Such
strategy could be aimed at increasing the number of fluorescence
color detection from one or multiple cell populations improving
the sensitivity of the system at the same time. Alternatively, a
plethora of measurements could be performed to the cells in
addition to fluorescence detection, measurements such as scatter-
ing measurements or Raman signal for instance, signals whose
I (t) response could be correlated with other signals, different in
nature, but that could be used to improve the system efficiency
nonetheless.
An unavoidable burdensome procedure that toke place during
the 3D focusing setting up before the measurement process, is
that the flow rates from the different sheath flows (four in total)
had to be carefully adjusted so that the cells’ pathline was con-
tained within the interrogation region. Minor wall deformations
caused by the optical fibers also gave rise to small differences
in the pathlines positioning between each interrogation regions.
This could lead to an inherent bias in the optofluidic light il-
lumination/collection to/from the interrogation regions. These
adversities can be avoided by implementing inertial focusing
capabilities into the optofluidic chip. Among the already men-
tioned advantages of inertial focusing over conventional focusing
techniques, the ability of this method to passively focus and
center cells to known positions clearly excels as an interesting
characteristic to improve, not only the usability of this device,
but also the accuracy of the measurements in future flow devices
for flow cytometry.
An entirely new approach to redefine transverse flows in
curved geometries, based in the differences between a stokes
flow and the real flow, using the FEM in CFD simulations pro-
vided solutions which unveiled the incredibly complex nature
of the flow fields when the system is solved taking inertia of the
flow as non-negligible. FSI solutions, on the other hand, showed
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general conclusions and further improvements
how inertially focused particles have a preference to be entrained
at the Dean vortices centers when the system is stable under
inertial focusing regimes. This fact represents a remarkable char-
acteristic that can contribute to better understand and predict the
behavior of inertially focused particles in curved geometries; to
some extent, the trajectory of focused particles could be approxi-
mated before any experiment is performed if the centerlines of
the developed Dean flows are known. The trajectory obtained
from focused particles in a real experiment was compared to that
of the simulation to validate it.
Additional analyses to the solution of the full Navier-Stokes
equations along the application of the FSI method in the simula-
tions, allowed to obtain the complex particle rotation behavior as
it moves along the small curve. Furthermore, we have shown that
the viscous effects that the rotating particle exerts to the trans-
verse and streamwise flows modifies the rotation behavior of the
particle itself in a way that can be hardly predicted beforehand
unlike the case of a straight channel, where the rotation axis of
the particle remains vertical (parallel to the closer wall) as the
particle moves along the channel. In order to make these results
adaptable to cytometric experiences, the chosen particle size for
the FSI simulation was 10 µm, the approximate average size of
commonly used cells in flow cytometry, white blood cells.
As mentioned earlier, assuming that the vortices’ centerlines of
inertially focused particles are known for a given channel geome-
try and flow rate, the evolution of the rotational components of a
given particle can in principle be incorporated as preset variables
in a CFD simulation to study inertial effects in curved geometries,
something that has not been done to date due to the complex
behavior of flows and particles in curved geometries. A possible
first approach to this problem could be related to the solving
of inertial effects in a portion of a spiral fluidic channel with
constant radius of curvature. The flow field and sectionwise flow
field in this geometry is constant; the transverse flow field distri-
bution at different section planes across the streamwise flow does
not change. Given that this flow field would resemble the flow
field that is found at the middle section of the small curve in the
serpentine, the rotational component is expected to be similar as
well. These variables, the trajectory of the particle and its angular
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general conclusions and further improvements
velocity vector, would no longer be degrees of freedom of the
simpler CFD simulation. Nonetheless, the reaction forces could
be calculated and the system variables could be updated until
the final solution with negligible drag, torque and inertial forces
is found.
A more detailed analysis of the fluorescence streaks of spheri-
cal particles in the small curve of the serpentine, has shown how
the variation of the Dean flow’s strength in a curved geometry
has an instantaneous effect in the variation of the degree of fo-
cusing of the particles. Specifically, it has been shown how, as
the particles first enter the small curve (which contain stronger
transverse flows), the focusing of particles improves as the Dean
flows increase in intensity up to a given point just, just before the
maximum Dean flows are reached. The flow field beyond this
point tends to slightly decrease the focusing quality presumably
because of the effects of unbalanced forces from the particles,
whose magnitude increases due to an increase in the velocity of
the transverse and streamwise flow.
The joint treatment of CFD simulations and empirical data from
the real trajectories of particles through the microfluidic channel,
allowed to obtain an estimate of the variation of the Dean flow
intensities at regions close to the focused particles. From this
characterization a non-dimensional constant, the modified Dean
number (De∗), can be assigned at each point of a given trajectory.
The values that this constant can acquire indicate the regions
in which the transverse flows are very small (De∗ ' 0). It has
also shown how the strength that the Dean flows achieve in the
central region of the small curve have an associated De∗ that
is bigger than the conventional Dean number. The value of the
conventional Dean number is the one that would result from
taking into account the geometry and flow velocity of the small
curve among other constants. This means that, when asymmetric
serpentines are considered, Dean flows -characterized through
the Dean number- are significantly stronger (around a 50 %) in
the central region of the small curve than what it was thought.
This discrepancy could indeed cause a bias in the characterization
of focusing conditions by means of non-dimensional constants
when they incorporate the Dean number.
200
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
general conclusions and further improvements
In order to explain the movement of particles from random
positions to localized stable focusing positions, a new inertial
force, that arises as a results of the curvature of the Dean profile,
is introduced as a possible mechanism for particle migration
in curved channels. Theoretical results, from the limit at low
Reynolds number and particle sizes, were applied to simulated
velocity profiles to reveal that the strength of this Dean-induced
force with respect to conventional inertial lift forces is approxi-
mately of the same order of magnitude. It is believed that this
force may be responsible for the stability of focused streaks of
particles; conventional lift force may contribute to form (although
modified) focused trajectories when Dean flows exist in a curved
channel, but Dean-induced forces may provide additional stabil-
ity and focusing degree for a wide range of flow rates. It is also
believed that the Dean-induced inertial force is also responsible
for the particle migration in the initial stages when particles enter
the serpentine at random positions.
This study would provide more reliable results if the simula-
tions took the disturbances of the flow field caused by the particle
into account. Any eventual flow disturbance would probably
cause a variation in the calculated vorticity around the particle.
This could led to variations in the resulting De∗. It is ignored
if this could cause an important modification of the DoS (De∗)
curves. To undertake this study employing FSI simulations or
some sort of simplified simulation that takes into account the
particle interaction with the flow, would therefore represent an
improvement over the presented work.
A useful design parameter for curved geometries would be
some sort of inequality that predicts when the best focusing con-
ditions under Dean flows occur. Alternatively, useful information
could be obtained when this inequality or non-dimensional value
provides information to whether the focusing of particles will
improve or worsen for increasing De∗. In this work both behav-
iors have been observed but no conclusive criterion nor design
parameter could be deduced from the available data. To conceive
an experiment or set of experiments that could provide any even-
tual missing information about the physics involved in this kind
of experiments is difficult. However, a first approach could be to
reproduce this study in geometries of constant curvature, i.e., a
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small segment of a spiral or a curve, where Dean patterns are
homogeneous and do not behave erratically as in a serpentine.
The set of data points could be obtained from the variation of
the flow rate instead.
Ultimately, this study is intended to be applied in flow cytom-
etry. However, the use of a serpentine or any curved geometry in
general seems not the most appropriate to perform any measure-
ment on cells. Asymmetric serpentines’ main use in optofluidic
devices, for instance, is to be used as a unit that improves the
focusing of cells in the smallest possible distance while reducing
the number of stable trajectories due to the influence of Dean
flows. Since conventional measurements on cells take place in a
straight channel sections of some sort, further focusing studies
should focus in the transition behavior between the end of the
serpentine and the interrogation region of the fluidic channel and
how the focusing improvement in the serpentine could benefit at
the end the measuring process, i.e., how the De∗ should behave
in order to obtain an optimal focused streak of cells with an
associated coefficient of variation as small as possible during
cytometric measurements.
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8
A P P E N D I X 1
8.1 matricial form of equation 3 .48
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8.1 matricial form of equation 3 .48
~P(e)i =
∫
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µ
3
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where i = 1, 2, . . . , 10.
~P(e)i =
∫
S(e)
Mvi
(
µ
3
∑
k=1
∂u(e)
∂xk
− p(e)
)
cos
(
θy
)
dS
where i = 11, 12, . . . , 20.
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where i = 21, 22, . . . , 30.
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A P P E N D I X 2
9.1 optofluidic setup
Figure 9.1: Experimental setup with the optofluidic chip and the rest
of elements used in the experiment.
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9.2 absorption and emission bands for fitc and
percp/cy5 .5
9.2 absorption and emission bands for fitc and per-
cp/cy5 .5
Figure 9.2: Spectral absorption (doted lines) and emission curves for
FITC and PerCP/Cy5.5.
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appendix 2
9.3 cytometric results for different ratios
Figure 9.3: Cytometric results for the sample with AU-565 cells.
Figure 9.4: Cytometric results with 1:1 ratio.
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9.3 cytometric results for different ratios
Figure 9.5: Cytometric results for 1:10 sample.
Figure 9.6: Cytometric results for 1:100 sample.
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appendix 2
Figure 9.7: Cytometric results for 1:1000 sample.
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A P P E N D I X 3
10.1 degree of spreading in terms of De∗ for differ-
ent a/Dh and Q
(a)
(b)
Figure 10.1
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10.1 degree of spreading in terms of De∗ for
different a/ Dh and Q
(a)
(b)
Figure 10.2
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appendix 3
(a)
(b)
Figure 10.3
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10.1 degree of spreading in terms of De∗ for
different a/Dh and Q
(a)
(b)
Figure 10.4
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10.2 pathlines through vortices centerlines
Figure 10.5
215
UNIVERSITAT ROVIRA I VIRGILI 
OPTOFLUIDIC DEVICE FOR CYTOMETRIC MEASUREMENTS AND STUDY OF INERTIAL FOCUSING CONDITIONS 
IN ASYMMETRIC SERPENTINES 
Eric Pedrol Ripoll 
 
10.2 pathlines through vortices centerlines
Figure 10.6
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appendix 3
Figure 10.7
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10.2 pathlines through vortices centerlines
Figure 10.8
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